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PREFACE TO THE THIRD EDITION 


Recognition of the several states of plasticity makes it possible to 
show that the press working methods of mass production follow rather 
simple rules throughout the expanding range of engineering materials. 
Such groupings as metallic, organic and ceramic merge into a common 
problem in parts production. Many of the chemical elements are 
synthesized, alloyed or otherwise grouped together in many ways for 
commercial utility. Large numbers of the materials so formed are 
plastically workable and reworkable in the crystoplasticj soluplastic or 
thermoplastic states. Other combinations enjoy brief mobility in proc- 
ess through the chemical change of the thermosetting cr solusetting states. 
A variety of illustrations have been gathered to show how the material 
and its state governs the combination of working pressure, temperature 
and time allowance required to produce a particular shape. 

To present the broadened view of plasticity and mass production, 
three chapters have been added along with new material in the appendix 
and through the text. Chapter XV discusses the use of semi-permanent 
die materials in more flexible presses for limited lot production. Chap- 
ter XVI goes into the behavior of the many tyj^es of materials in the 
several states of plasticity, correlating the data now available with that 
presented relative to metals in the earlier chapters. Chapter XVII 
considers the application of plastic flow methods to the molding of non- 
metallic as well as metallic powders and to the forming of sheet plastics 
and composite laminates. Illustrations of tools, equipment and meth- 
ods from many industries merge into a common picture which throws 
much light on the planning of new products. 

The author expresses an appreciation of the patience and the en- 
couragement of Mr. H. H. Pinney and Mr. H. U. Herrick, of the E. W. 
Bliss Co., which made it possible to carry through this further work. 

Acknowledgment of research and technical data is due the Dow 
Chemical Company, E. I. DuPont DeNemours & Company, Hercules 
Powder Company, Tennessee Eastman Corp., and many others; and 
to the authors and editors of the Plastics Catalogue, Modern Plastics 
and Powder Metallurgy, Personal acknowledgment is due Messrs. 
A. G. Bureau, Freeman Crampton, E. D, Eddy and Earl Cannon of the 
Blis® Company and G. K. Scribner of the Boonton Molding Co., for 
their assistance. 

E. V. Ceane 

jpecem&er, 1943 
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PREFACE TO THE FIRST EDITION 


The production of metallic articles in very large quantities usually 
involves the use of power presses. The distinctive method of press 
equipments is shearing out and plastically working metal to finished 
shape in a few quick strokes with high loads and expensive tools which 
are warranted only by the large quantities to be produced. 

The power press itself consists essentially of a substantial frame 
carrying a reciprocating slide; a crankshaft and a connecting link to 
reciprocate the slide ; a clutch and a flywheel to store and deliver energy. 
Variations upon this simple theme are numerous, but the principle 
remains practically the same. 

The tools are commonly two members, a die attached to the press 
frame, and a punch attached to the reciprocating slide. These tools 
cooperate to cut, bend, pull or squeeze the metal blank into the desired 
shape, as the case may be. 

There is endless and infinite variety in tool design. No two tool 
men will design even a simple die in exactly the same way. Books are 
available (see page 41) giving many typical examples of good practice 
in mechanical design. The field which they cover is interesting but 
too varied and too much a matter of opinion and preference to include 
in this discussion. 

It is rather the object here to sort out the many metal-working 
operations into similar groups, to study their common characteristics 
and to establish as complete a working theory aS possible for figuring 
operations and predicting their results. In every case the study leads 
back eventually to the structure and change in structure of the metal 
being worked. In every case the metal is stressed beyond, and usually 
far beyond, its elastic limit. To date, studies of the ‘‘mechanics of 
materials’^ have largely been concerned with properties of metals below 
their elastic limits, for structural uses. It is therefore necessary to 
assemble and develop theoretical data on the properties of metals in 
their plastic range. This study has become a large part of the present 
work, which, it is hoped, may aid in developing the subject further. 

The author acknowledges the impetus in starting this work to the 
late Otto S. Beyer, an outstanding pressed-metal engineer, who deQ<^bed 
ids art as “Engineering by the Grace of God.” 
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Grateful acknowledgment is also due Mr. Joseph Klocke, Mr. 
William Klocke, and Mr. J. B. McCann as well as many other friends 
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valuable advice. The aid of Messrs T. N. Holden, W. P. Blake, A. E. 
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Fig. 1.— a massive press with expensive tools capable of drawing the roof of an 
automobile every 12 seconds at a trifling cost. 
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MASS PRODUCTION 

The mass-production methods of metal-working processes use care- 
fully tooled equipment of great strength, and take advantage of the 
plastic properties of metals to produce an infinite variety of parts and 
articles at unbelievably small cost. The art of building the equipment 
and the art of tooling it successfully have had their principal develop- 
ment in a scant century. Few people realize the proportion of the 
erstwhile luxuries which now contribute so much to the American 
standard of living, which have been brought down to the level everyone 
can aiford, by these metal-working methods. 

A writer on economics once stated that ^‘prosperity cannot be sus- 
tained unless some other industry, or combination of industries, develops 
as rapidly in the near future as the automobile has developed in the 
recent past.^^ To him the growth of the automobile trade in fifteen 
years to a normal employment of three million workers was outstanding. 
Paralleling that growth and a vital part of it was the development, in 
that trade, of mass production and its methods with respect to both 
personnel and equipment. 

These phenomenal strides in automobile making temporarily dw^irfed 
more gradual, similar developments in other industries. The early 
automobiles were sawed, turned, sheared and beaten out, one at a time, 
without much plant equipment or any special tooling to speak of. 
But even in those days, kitchen utensils, watch parts, locks and other 
hardware, coins, tableware, collapsible tubes, pails, cans and numerous 
other widely used products were already well established in the use of 
quantity production metal-working equipment. 

Here a distinction may be drawn in the machine tool trade between 
metal-cutting and metal-working processes. The average lathe, planer 
or mill may be used to produce one different piece after another with 
little or no tool expense; but it accomplishes its work by patiently 
whittling away material a little at a time. The average power press, 
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rolling machine or forging machine, on the other hand, requires a set 
of more or less expensive tools for each different piece or operation, 
limiting its use necessarily to fair-sized* quantities. So equipped, 
however, it turns out the part or operation at relatively high speed and 
low cost. 

We place a plain flat piece of sheet steel in the maw of a massive 
machine. There follows a hum of heavy steel gears. In the brief 



Pig. 2. — ^The extreme increase in production per man employed in the automobile trade, 
due largely to the application of press-production methods. {Foster & Catchings) 

interval of a few seconds the cold steel bends, crowds, stretches, flows 
into the smooth and pleasing lines of an automobile roof (Fig. 1). The 
shape, if you examine it, is not a simple one. But, properly tooled, 
the job is done without a wrinkle, a tear or even a scratch, in spite of the 
change which has taken place and the quickness of the operation. 

The Productivity of Labor chart, ^ Fig. 2, taken from data on the 
rise of the automobile trade, collected by Foster and Catchings, u , 
largdy a tribute to the power press. Wage payment systems, material- 
histhdling methods, improved arrangement of facilities, all contributed 
i ^ Messrs^ Foster and Catchiags, in the World^s IForfe, i>te., 1926. 
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to increased output per man-hour. But their contribution amounted 
to little more than was reflected also in the steel, shoe and paper indus- 
tries, for those methods have been heralded the country over and widely 
adopted. An increase to 300 per cent man-hour efficiency in ten years, 
however, could be accounted for only by the wholesale application of 
.press-production methods, and that is what happened. 

Ten men with suitable press equipment can, in general, produce as 
much as fifty men with older, small-lot methods. A curve showing the 
increase in use of power presses in the automobile industry would follow 
closely the rise of the man-hour productivity curve. Every one remem- 
bers the sudden relative drop in closed-car prices when the closed body 
was put on a production basis. Now we have the all-steel body, 
entirely press-produced. But it is not a case of the body alone. In 
more and more makes, nearly every metal part, except the shafting, 
pistons and engine block, is produced wholly or in part in presses or in 
related special machines. 

A few illustrations may be of interest. The long side-rails and the 
cross-members which make up the framework of the chassis are blanked 
or cut out from rolled-steel sheets and then formed into shape in presses 
at the rate of two or three pieces per minute for each of the two opera- 
tions, or faster for the smaller pieces. The rivet holes are then punched, 
and the rivets holding the frame together are closed in other smaller 
presses. Connecting rods are usually drop forgings which are trimmed 
in presses. Now the* bosses at either end, instead of being machined 
to size, are squeezed between smooth-surfaced dies in six- or eight- 
hundred-ton coining presses at the rate of twenty or thirty per minute. 
The variation in the finished pieces is less than two thousandths of an 
inch, and this is less than the tolerance which used to be allowed in 
machining them. Other forgings are also press sized, and increasing 
numbers of both steel and brass forgings are being made in presses. 
In one method of making valve heads, for example, a slug is sheared 
from the end of a roimd bar; it is heated and squeezed into a ball and 
then into a valve and finally trimmed ready to weld on the stem. The 
four press operations — shearing, squeezing, resqueezing and trimming — 
require a total time of perhaps three seconds. Bronze wrist pin bush- 
ings made from strip material have the oil grooves stamped and are 
blanked out at the rate of fifty a minute. Then in another press, 
automatically fed, they are shaped into cylindrical form at the same 
speed. A final operation in a coining press insures perfect roundness, 
and the bushings are ready to use. Another concern produces similar 
bushings complete from the coil in a single press at the rate of a hundred 
aininute. 
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Small press operations, hand fed, cost only a tenth to two-tenths of 
a cent apiece, including ^all overhead charges. For very large, slow 
work requiring two or three men and a cumbersome machine the cost 
may run as high as three cents, but that is rare. Consider a closed-car 
body with clinched seams instead of welding; there is hardly an opera- 
tion on all the metal work, between rolling the sheets and applying the. 

paint and trimming, which 
is not done in presses. 
Certainly that accounts in 
a considerable measure for 
the low prices of modern 
cars. 

The secret of economy 
and of labor efEciency in 
press production is quantity. 
It is not worth while to 
make dies for a few parts, 
but when the quantity is a 
hundred thousand or a 
million, a thousand-dollar 
die costs very little per 
piece, although that would 
be rated an expensive die. 
And at two to fifty thousand 
operations per day, every 
day, the investment charges 
on a press are almost neg- 
ligible. The press in Fig. 
3 will complete a million 
operations in a day. 

Even so, press and die 
equipment is not inexpen- 
sive, especially when it 
comes to changing over a 
whole industry from casting and machining methods to a sheet-metal- 
working basis. The pioneer press-production industries making watches, 
locks, typewriters, adding machines and the Uke, used small presses 
only, for the most part, and accumulated these gradually as they 
expanded, so that the initial investment did not seem so great. But 
the newer applications involve the production of larger parts, which 
naturally means large and expensive machines. A new body plant 
recently put in operation by one of the automobile companies required 



Fig. 3. — ^A modern development in mass produc- 
tion; a fully automatic high-speed unit, piercing, 
blanking, stamping and bending house-wiring 
brackets at 600 finished pieces per minute. 
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a press equipment which, exclusive of any dies, cost considerably over 
a milhon dollars. Very often the die or tool part of an equipment costs 
more than the presses themselves. Possibly the above is an extreme 
case for a single unit, but it gives an idea of the sort of initial invest- 
ment figures which must be considered in this mass-production method 
which continues making such strides. 

Perhaps it is well to note a restraining factor. That is the fact that 
pressed-metal engineering is not yet nearly as exact a science as electrical 
engineering or steam power plant engineering. Practically every job 



Fig. 4. — A group of “backed-up” mills for the continuous rolling of strip steel, 
synchronized to perform a number of reductions simultaneously. 


is a problem by itself, owing largely to the number of variable factors 
affecting the internal condition of the metal being worked, and also to 
some extent to the variety in design of the tools. To a layman watch- 
ing a flat piece of steel being transformed in a single operation into the 
shape of an automobile crankcase, the job seems simplicity and ease 
itself. And if he is a bit of a mechanic the tools will look very simple. 
Yet to lick that one job the first time cost thousands of dollars and the 
best efforts of expert press and rolling mill engineers. 

Much of the advance which has taken place in the press trade is due 
to the development of rolling mills and mill practices, in the production 
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of more uniform and more ductile metals at reasonable prices. Fig, 4 
shows an installation of roller-bearing four high or ‘^backed up^^ mills 
for continuous rolling of strip metal. These mills are so synchronized 
that a single strip passing through them is undergoing a number of 
reductions simultaneously. Even further development will come in 
both rolling and annealing practice (especially of steel) to control more 
closely the temper of the stock and the crystal structure upon which it 
depends. 



Fig. 6. — ^Developing tools and presses for the production of modem house-heating 

equipment. 


It often happens that to solve a new problem or to develop a set of 
tools, for the best in finish or accuracy or economy in the part produced, 
a certain amount of experimental work is necessary. This is probably 
not true of any other industry, or at least not to so great an extent. 
It is becoming accustomed to this condition, as well as to the capital 
expenditure required and to the reality of the return resulting, which 
often restrains new ventures in this field. 

Press-production methods continue to spread, however. Fig. 5 is a 
photograph of part of an erecting shop of the Bliss Company, taken at 
the time that machines for the production of new house-heating equip- 
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ment were approaching completion and the tools were being tried out. 
The press at the right, for example, takes care of several operations on 
the front and back panels of a heater jacket. The man in front of it 
gives an idea of its size, yet the steel it is forming is only H 2 in. thick. 
The two machines back of it form 40-in. discs of boiler plate in. 
thick into deep oval fire pots, and do it cold. Fig. 6 shows another 
press on the test floor forming a part of a sheet-metal casket. The 



Fig. 6. — Perfecting dies on the test floor for production of part of a sheet-metal 
casket. The Marquette pneumatic die cushions under the press bed are of greater 

than usual capacity. 

shape is rather difficult, but once the tool problem is solved, the cost 
of processing the piece is far less than the small cost of the metal 
required. 

Modern office buildings are leaping to great heights all over the 
country, and with them climbs another feat of metal working, steel 
lath, steel edge beads, steel doors and trim, steel window frames, 
steel filing cabinets, steel lockers and steel furniture — all products 
of rolling machines, brakes and presses. 
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Adding machines, comptometers and bookkeeping machines, all 
comparatively recent developments, are an outgrowth, so far as press- 
production methods are concerned, of the typewriter industry. The 
radio industry also, though requiring great numbers of presses, presents 
comparatively few new tool problems. Elsewhere in the electrical 
industry, manufacturers of washing machines, mangles, vacuum 
cleaners, automatic refrigerators, cooking appliances and lighting 
fixtures continue to add to their press equipments. And the story is 
always one of increased production and increased man-hour efficiency. 

Rearrangement to a final shape in mass production now applies to 
many organic plastics and some ceramics, but as the theories developed 
in the working of the old and new metals points the way for other materi- 
als, the metals are considered first. 



CHAPTER II 


ESSENTIAL METALLURGY 

Any discussion of the press-working methods must deal with a great 
variety of operations/' that is, of specific ways in which material is 
transformed from one shape to another. Plastic material may be cut^ or 
benty or pulled or pushed step by step into its final condition. Into one 
of these four groups, or a combination of them, most press operations 
fall fairly clearly. 

Empirical methods and experience have sufficed for years in the 
judging of press capacities and the capabilities of dies with the result 
that the trade has not progressed from an engineering standpoint, to 
compare, for example, with the electrical, power and civil engineering 
groups. Sound engineering theory must be built up rather slowly on 
account of the number of variable factors entering into most operations. 
These variables must be isolated, run down separately and then brought 
together systematically. 

A great many of the causes for beha\dor and for differences in 
behavior in the material being worked in the tools and the presses lie 
within the structure, in its reaction to different stresses and treatments. 
To exceed the elastic limit of one piece of steel and shape it plastically 
without exceeding its ultimate strength, and breaking it; or to stress 
another piece of steel to the breaking point without damaging the steels 
which are being used to perform that operation repeatedly, is a problem 
in structure and treatment. To discover the stresses occurring, which 
limit how far we may go, requires careful figuring. These foundations 
in metallurgy and mechanics are ob\dous. A few definitions must be 
endured, however, to get a starting point. 

Mechanics of Metals, — Certain mechanical properties " of metals 
define their behavior under internal forces or stresses," due in turn to 
external forces. The terms tensile, compressive and shearing stresses 
indicate the direction of the forces, whether pulling, pushing or trans- 
verse slicing, respectively. 

Metals may be deformed elastically in compression or tension within 
certain limits, returning to their original shape when the deforming 
force is removed. The amount of the elastic stretch, deflection or change 

9 
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is small, but may be of interest in both presses and tools, owing to result- 
ant inaccuracies or to insufficiently rigid support. The elastic limit of 
a metal measures the greatest stress per unit of area under which it will 
behave elastically. This limit is materially lower under frequently 
repeated stresses or fatigue conditions, as in a press frame or crankshaft, 
than it is under occasional loading. 

When metals are loaded beyond their elastic limit they retain a 
permanent set or change of form. As the loading continues, the metal 
is deformed plastically more and more, until fractures start. A com- 
plete break follows quickly, at what is known as the ultimate strength. 
Shearing and punching operations stress the metal being worked, 
beyond its ultimate strength. Other press operations, such as bending 
and drawing, etc., utilize the range between the elastic limit, which 
must be exceeded, and the ultimate strength, which must not be 
exceeded. 

Ductility and malleability are qualitative terms describing the 
relative ability of metals to stand plastic deformation without fractur- 
ing. Malleability refers particularly to deformation under pressure, as 
in rolling, swaging, forging, etc. Ductility refers rather to tensile 
working as in drawing, and is measured in a general way by the elonga- 
tion of a test piece and the reduction of its cross-section when pulled in 
a testing machine. Ductility and malleability are not necessarily the 
same for the same metal (Table XI), and vary considerably with changes 
in temperature. 

Hardness and the hardening of metals are of especial interest in 
press work. The hardness of a material is variously indicated by its 
resistance to cutting, to abrasion and to indentation, and by its resilience. 
The last two are made the basis of the Brinell and Shore Scleroscope 
hardness tests, respectively. 

Increasing hardness, or resistance to deformation, seems to follow 
fairly closely and logically with increases in strength as indicated by the 
tensile test. The Brinell indentation test based on permanent deforma- 
tion is more in line with the ultimate strength; the Shore rebound test 
is better indicative of elastic limit. 

Increasing hardness and increasing strength or resistance are the 
result of structural change within the metal. This change may be 
accompUshed by the brute force of cold working as in rolhng, swaging 
or drawing. It may also be accomplished by gradual heating, and then 
arresting the changed structure by means of sudden cooling, as in the 
heat treatment of dies. Allo3ring of the pure metals may contribute to 
increased hardness, either in the normal state, under cold working, or 
by heat treatment. Fig. 7 for copper is illustrative of the hardening of 
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metals, with increased resistance and a proportionate reduction of duc- 
tility, by plastic deformation or cold working. It also indicates, to the 
right, the return of the structure and properties to their original condi- 
tion during annealing. 

The explanations of these common mechanical properties of metals 
and of the changes in properties to be developed are found in metallurgy. 

Structure of Metals. — It seems now to be well established that every 
element, be it iron, mercury, sulphur, hydrogen or another, may be 
theoretically subdivided to a final point where it consists of a minute, 
positively charged nucleus surrounded by a group of rapidly moving, 
infinitely small particles, each carry- 
ing a unit negative charge of elec- 
tricity, known as electrons. The 
group is the atom, and that which 
distinguishes every atom of one 
element from every atom of another 
element is its number of electrons. 

If the elements are arranged in 
order according to their atomic 
weights and are numbered in that 7.— Cold working reduces the plas- 

order from 1 to 92, with a few increa^s the resistance to 

. . , , ; , further working, the original state being 

omissions, these numbers, known as ^stored by annealing. Material : copper, 
the atomic numbers, indicate the Crystal pattern; face-centered cubic, 
number of electrons per atom in 

each element. Thus hydrogen has 1 electron per atom, helium has 2 
and iron has 26. 

Aluminum,^ atomic number 13, has 13 negative electrons about a 
highly concentrated nucleus, which in turn is said to contain 27 positive 
electrons or protons and 14 negative electrons, giving a positive charge 
of 13. The 13 external or planetary electrons are probably arranged in 
three groups: inner shell 2, next group 8 and outer group 3., This 
outer group, called the valence group, is active in forming chemical 
combinations and determining the valence or combining power of the 
atom. The three groups are referred to as three quantum levels of 
2, 8 and 3 electrons, according to the developing quantum theories 
which seek to account for the various properties and characteristics of 
atoms. The radius of the sphere of “atomic domain,” the approximate 
size of the atom group, is given geometrically as 0.000,000,005,6 in. 

Electrons in any atom are in constant motion relative to their 
nucleus with tremendous velocity and are held in constant relation to it 

1 Edwards, Frary and Jeffries, ^^The Aluminum Industry,^’ Voi. II, Chapter II, 
McGraw-Hill Book Co., New York, 1930. 
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by strong attractive forces. The volume dominated by the atom has a 
diameter of the order of 50,000 times the diameter of the electrons. 

The assembled atoms of any element exert upon each other strong 
attractive and repulsive forces, illustrated roughly by tensile and com- 
pressive strengths in metals and surface tension in liquids. These 
interatomic forces are modified by the application of heat. At all 
temperatures above absolute zero, the atoms of the solid elements are 
in a state of vibratory motion about their nuclei. The frequency of 
vibration is of the order of 6,000,000,000,000 cycles per second and does 
not vary greatly with the temperature. The amplitude or amount of 
vibration does increase with the temperature, however, thereby increas- 
ing the kinetic energy of the particles. 

The elements may exist in gaseous, liquid or solid state according to 
their temperature. In the gaseous state the atoms, or the molecules 
into which they combine, are so violently agitated that the forces of 
attraction between them are insufficient to cause even temporary com- 
binations. As the gas cools, the kinetic energy is reduced until it can 
be overcome by the forces of attraction sufficiently to cause condensa- 
tion into the more compact liquid state. Here the frequent collisions 
cause temporary combinations of molecules only to be broken up again 
by further collisions. This constant shifting of the bonds between 
molecules is offered in explanation of the fluidity of liquids. 

Continued cooling further reduces the kinetic energy of the moving 
particles until it is entirely overcome by the attractive forces and 
solidification takes place. In solidifying there is a natural tendency, 
due to the forces between them, for the molecules to assemble them- 
selves in the definite relation or pattern which characterizes the crystal 
of the element, solution or compound. When solidified the atoms remain 
in motion about their equilibrium positions. This motion becomes less 
as the cooling continues, accompanied by shrinkage of the metal and 
proportionate moving closer together of the atoms. 

In solidifying, crystals start to form from many points at the same 
time. Any one crystal grows gradually from a nucleus, the atoms 
arranging themselves in proper pattern because of the forces between 
them until the boundaries interfere with the boundaries of other crystals 
developing all around. Under common conditions, each crystal of any 
one material is identical in pattern and spacing with any other, but the 
pattern has definite directional qualities, and it is uncommon that any 
two adjacent crystals are oriented in just the same manner. Accord- 
ingly a section of a metal when polished, etched and magnified, as in 
Fig. 8, shows many irregular crystals or grains, with some material at 
the boundaries not oriented with either adjacent crystal. 
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The common space lattices or patterns of metallic crystals, as 
explored by x-ray analysis by a number of investigators, are fairly 
simple geometrically. The metals are monatomic, that is, have one 
atom per molecule. The atoms arrange themselves in space in several 
patterns such that each atom is located similarly to every other one, by 
reason of the forces between them. 


Thus one pattern known as the face- 
centered cubic space lattice is illustrated at 
the left in Fig. 9, Gold, silver, lead, nickel, 
gamma iron, copper and others crystallize in 
patterns built up of this lattice. As illus- 
trated at the right in Fig. 9, it is possible 
to indicate a number of planes through 
different groups of points. A series of planes 
parallel to any one of these planes of sym- 
metry will take in all atoms in the crystal 
and will be equally spaced. Between these 
planes are areas of weakness. 

When metal is strained within its elastic 8-— Irregular boundaries 

limit the atoms are forced closer together or 

® (black) pearlite in forged 0.30 

farther apart but return elastically to their C steel. X70. {Holden) 
nonnal positions as the strain is released. 

When metals are permanently deformed by cold-working, they are 
stressed beyond their elastic limits, beyond what the bonds between 
atoms will stand, and a slippage or rearrangement occurs along some 
of the planes of weakness which happen to be in the proper angular 
relation relative to the straining force. 

These have become known as slip 
planes, and metal which has been cold- 
worked shows slip bands through the 
crystals, quite clearly in some cases. 
Fig. 10 ^ shows such slip bands in 
Fig. 9.-— Relative arrangement of twinned crystals of alpha brass. As 




atoms and some typical planes of 
symmetry in the face-centered cubic 
lattice, the pattern in which most 
ductile metals crystallize. 


deformation progresses in a single 
crystal, slippage starts along some 
plane of weakness, and proceeds until 
the resistance to slippage increases 


so that further movement must occur on another plane. 


After severe cold-working the metals which do not anneal at working 


temperatures show considerable increase in hardness and also in resis- 


* Jeffries and Archer, “The Science of Metals,'^ McGraw-Hill Book Co., New 
York, 1924. 
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tance to further working, Fig. 7. Their crystalline structure shows 
material distortion, and a good deal of internal strain remains along 
partially displaced slip planes between atoms. As heat is gradually 
applied, increasing the kinetic energy and corrective capacity of the 
electrons and atoms, the distorted and strained large grains break up or 
recrystallize into many small grains in equilibrium. As heating con- 
tinues, the smaller crystals gradually dissipate, their atoms lining up in 
the patterns of adjacent larger crystals. As this grain growth proceeds, 
the metal becomes softer and more workable, returning, when com- 
pletely annealed, to a normal state. Fig. 7. The curve reproduced in 
Fig. 11 shows approximately the relation between average grain size 



Fig. 10. — Crystals of worked alpha 
brass showing slip bands. X 85 . 
{Mathewson) 
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Fig. 11. — Relation between grain size 
and Brinell hardness in alpha brass. 
(Bassett and Davis) 


and hardness found by Bassett and Davis in their studies of cartridge 
brass. 

Many press operations do not deal with pure metals. In fact, most 
press working is concerned principally with steel, which is typical of 
aggregates of elements, compounds and mixtures of the two; and brass, 
which is typically a solid solution in its common phases. 

Two metals may be soluble in each other in any proportions, as 
copper and nickel, which both crystallize in the face-centered cubic 
pattern with about the same lattice dimensions. It is interesting to 
note that, when two metals form a continuous series of solid solutions, 
the hardness and strength of the solutions are increased beyond those of 
either metal. This is shown in the hardness curve for silver and gold 
in varying proportions. Fig. 12. The increase is attributed to increased 
resistance to movement along the slip planes, due to a distortion of the 
cryBtal lattice. 
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Copper and zinc do not crystallize in similar patterns and do not 
form a continuous series of solid solutions. The alpha brass series up 
to about 36 per cent zinc, when properly homogeneous, shows a single 
crystalline pattern, the face-centered cubic lattice typical of copper. 
It is believed that the zinc atoms occupy the positions of some copper 
atoms in the lattice. Alpha brass is ductile and suitable for cold work- 
ing, an attribute characteristic of the face-centered cubic space lattice. 
The beta brass series, of about 45 to 48 per cent zinc, crystallizes with 
the body-centered cubic lattice, differing therein from both copper and 
zinc. It is harder and less ductile than the alpha series but better 
adapted for hot working. The gamma phase may be recognized as a 




Fig. 12. — Variation in alloy hardness 
according to proportions of gold and 
silver, in solid solution. {Jeffries and 
Archer) 


Fig. 13. — Constitution diagram of cop- 
per-zinc alloys, alpha brass in areas I 
and II, beta brass in areas II, III and 
IV and gamma brass in areas IV and V. 
{After Jeffries and Archer) 


compound of the formula Cu 2 Zn 3 and is quite hard and brittle, spoiling 
the mechanical working properties of alloys in which it occurs. A 
portion of the copper-zinc equilibrium diagram showing the variation 
of phase with temperature and composition is shown in Fig. 13. Solid 
solution alloys, when worked into a homogeneous state, behave like 
pure metals in the growth of grains. 

The most interesting portion of the steel group to the pressed-metal 
worker is the beginning of the iron-carbon diagram. This applies par- 
ticularly to drawing and forming operations where plasticity is essential 
under a considerable amount of cold working. 

At ordinary room temperatures carbon steel is an aggregate or 
mixture of ferrite and pearlite up to 0.85 C (0.85 per cent carbon) and 
of pearlite and cementite above that to about 7.0 C. Ferrite is pure 
iron and is plastic. Cementite is iron carbide, FeaC, and is hard, 
brittlcj quite the opposite of plastic. Pearlite is a mixture of plastic 
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ferrite and hard cementite, in the proportions of about 13 per cent 
cementite and 87 per cent ferrite. The ferrite in the mixture, being 
plastic, will yield and permit the cementite to be broken up into frag- 
ments under cold working. Whether in plate or fragment form, how- 
ever, the cementite makes the pearlite mixture materially harder and 
stronger than the pure ferrite, owing to its interference with movement 
along the slip planes. The proportion of pearlite varies from practically 
zero at 0.05 C to 100 per cent at 0.85 C, the balance, up to that point, 
being plastic ferrite. The lower the carbon content and the proportion 
of pearlite, the better is the plasticity of the steel for cold working. 
Above 0.85 C free cementite begins to appear, forming a more and more 
rigid network of hard, brittle and unworkable material about the 
pearlite. The chart. Fig. 19, shows the relative variations in the 
properties of the plastic ferrite-pearlite phase. Ferrite, being the con- 
tinuous constituent and a pure metal, is susceptible to annealing for 
recrystallization and grain growth after cold working. 

The hardening of the higher-carbon steels and alloy steels for dies 
and tools is subject to too many variations and gaps to be reviewed. 
Structurally the hardness of such steels is attributed, by Jeffries and 
Archer, to interference with ease of movement along the planes of weak- 
ness. This is obtained by reducing the crystals to small size, so that 
there are many boundary interferences, and by causing the precipitation 
of finely divided hard cementite particles through the crystals, so that 
these also serve to retard slippage. Initial distortions never occur in 
plastic materials by direct tearing apart or overcoming the full inter- 
atomic attraction or cohesiveness. There is always a gradual move- 
ment at an angle to the deforming force, taking advantage of the orderly 
and comparatively extended lanes between rows of atoms. Maximum 
reduction of the ease of sidewise displacement along these lanes is the 
object in hardening. 

So brief a discussion of metallurgy is necessarily limited to touching 
on general principles only. The next step, however, is to obtain an 
orderly arrangement of press operations for purposes of discussion. 

Grouping Press Operations. — It was suggested at the beginning of 
this chapter that most operations could be grouped according to whether 
the metal were cut, bent, pulled or pushed into shape. 

The first, the shearing group of operations, will include blanking, 
punching, compound blanking and punching, follow die punching and 
blanking, blanking and repunching, perforating, shearing (on one or 
two sides only of a shape), shaving, broaching, trimming and hot punch- 
ing. All these are essentially similar in intensity and in that they stress 
the metal in shear to the point of fracture, i.e., beyond its ultimate 
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strength. All the other groups work the metal plastically above the 
elastic limit, but below the (true) ultimate to avoid fractures. 

The second, the forming group of operations, includes, principally, 
various methods of bending plus operations known as curling, burring, 
necking, expanding, beading and bulging, which seem to fit better here 
than elsewhere. The bending operations involve stressing the metal in 
tension on one side of its neutral axis and in compression on the other 
side in general according to the beam formulas plus an allowance for 
short spans. Some of the other operations include also stretching the 
metal but not in such a manner as to place them under the drawing 
classification. 

The third, the drawing group, includes the operations in which 
metal is caused to flow plastically from one shape to another, under 
primarily a pulling or tensile loading. Very high compressive stresses 
result, in the area in which the shape is being changed. These help to 
produce the large unit deformations required but bring in other troubles, 
including wrinkling, cracking, etc. All drawing operations stress the 
metal beyond its elastic limit but within its ultimate strength, and 
perform, in most cases, a very large amount of cold working so that the 
importance of a wide plastic range and a proper initial crystalline struc- 
ture is apparent. 

The fourth, the squeezing group of press operations, primarily 
involves a compressive stress in the metal but may result in tensile 
strains in some instances. This, the severest of all press work, is sub- 
divided into four groups according to potential severity. These are 
headed: sizing, swaging (or cold forging), coining (including embossing 
and some stamping), and extrusion. Potential severity refers to the 
fact that typical operations of each group, performed on similar material 
in similarly rigid presses, would involve progressively higher unit pres- 
sures on the tools in each case. As a matter of fact, we work practically 
to the limit of what the tools will stand in each case. Thus the ultimate 
working capacity of high-grade steels carefully hardened is approached 
about equally in the extrusion of zinc, the coining of brass, the swaging 
of soft steel and the sizing of a moderately hard worked steel. A fifth 
group of operations, forging (hot), is included with those mentioned 
above on account of its mechanical similarity to the swaging group. 

The Plastic Working Range. — Before proceeding to a discussion of 
the several groups of metal-working operations it seems advisable to 
consider a little more specifically the terms and implications of plastic 
working with which they are all concerned. Physical properties of 
metals below their elastic limits have been thoroughly explored and are 
of wide-spread interest for purposes of structural design. They also 
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apply to the structural design of the stampings which are produced in 
power presses, but that is beyond the scope of the present work. 

In producing the stamping we work entirely beyond the elastic limit, 
or better, beyond the yield point of the metal. Fig. 14 ^ shows the 
results of the conventional tensile test of a series of annealed carbon 
steels. The metal behaves elastically up to a higher and higher stress 
before it begins to yield, as the carbon content is increased. At the same 
time the amount that it elongates, or moves plastically, becomes less 
and less. It may be noted here that the common ultimate tensile 
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General Elongation 

Fig. 14. — The tensile test shows 
graphically differences in yield 
point and plastic range due to 
carbon content, for annealed 
steels. (Professor G. E. Troxell) 


Fig. 15. — Compression test curves for Tobin 
bronze as recorded, showing progressively in- 
creasing yield points as the metal is cold worked 
from annealed states. (E. W. Bliss Company) 


strength is merely the highest stress recorded (the highest point on the 
curve) divided by the cross-section area of the specimen before the test 
started. This area has reduced considerably before the maximum 
stress is reached and reduces more rapidly than the stress thereafter. 
It is therefore neither an ultimate '' nor a unit stress, and can be of 
relatively little value in gauging plastic working operations. 

It will be noted also that a 0.15 C steel which has been cold rolled 
(dotted curve) shows a very much higher yield point than the annealed 

* Professor G. E. Troxell, ^^The Physical and Mechanical Properties of Steels,” 
Western Machinery World, San Francisco, April and May, 1928. 
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specimen. This illustrates how the metal has been strain-hardened by 
the shp plane movement involved in cold-working it. It also shows 
that considerably more distortion (elongation in this case) is possible 
before the available slip planes have been used up, when the fracture 
occurs. 

Another illustration of progressive strain-hardening in plastic work- 
ing is offered in Fig. 15. Here a cyhndrical slug of annealed Tobin 
Bronze was compressed step by step in a recording Olsen testing machine. 
It was squeezed down about 0.050 in., removed, measured, tested for 
hardness, returned to the machine, squeezed another 0.050 in., removed 
again, etc. Each time the metal was returned to the machine it behaved 
elastically up to a new and higher stress which was determined by the 
amount it had been cold-worked before. From each new yield point 
the metal moved plastically again, the stress rising as a continuation of 
the previous plastic working curve. 

After about a 50 per cent compression, the slug was reannealed. 
The recrystallization restored to the strain-hardened metal a new 
unstrained crystal structure. Therefore the new compression curve 
began again at a low yield point. It rose more rapidly than in the first 
case, however, as the slug had now become much thinner and larger 
in area. 

Compressive and Tensile Movement. — If a metal is cold-worked in 
tension (pulling), or in compression (squeezing), the absolute stresses 
per unit of area and the strain-hardening should be the same for the same 
amount of movement of the same metal. Owing to the miscellaneous 
orientation of crystals, the resistance to movement is the same in any 
direction through annealed or uniformly worked metal. To be sure, 
we meet a rising stress in compressive tests and a falling stress in tensile 
tests, but that is clearly due to increasing or decreasing cross-section 
areas in stress. 

Fig. 16 is borrowed from discussions of single crystal deformation,^ 
to show diagrammatically the mechanism of reduction of area in tensile 
deformation, and increasing area in compression loading. It is again a 
case of plastic deformation; of minute movements occurring along many 
slip planes in many different crystals. Those slip planes which happen 
to be oriented at about 45° to the direction of the outside forces are the 
most favorably placed, movement along such planes stopping as it 
meets sufficient obstruction, and continuing elsewhere, where the resis- 
tance is not so great. Minute slippages and boundary interferences must 

* Sykes, W. P., ‘‘Effect of Temperature, Deformation, Grain Si^e and Rate of 
Loading on the Mechanical Properties of Metals, ’’ Trans. Am. Inst. Mining Eng., 
Vol. 60, p. 780. 
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be imagined, but the illustration should serve, with its simple and exag- 
gerated movements, to show how the area changes with the direction 
of loading. Thus the left-hand sketch shows an unstrained piece. 
The next two show the first movements if it is stressed beyond its yield 
point in tension. The next two show the first movements if it is stressed 
in compression. 

To relate such movefhents in comparable values, volume is taken as 
the criterion, as it has been shown (by Houdremont and Burklin) that 
the actual change of volume of metal under severe stress is negligibly 
small, say below 1 per cent under conditions which might be anticipated 
in punch press operations. 

Thus in Fig. 17 are shown side and end views of two rectangular 
pieces which have identically the same volume. The darker or longer 



Fig. 16, — The beginnings of slip-plane 
movement under tension and compres- 
sion are shown diagrammatically to 
illustrate the attendant cross-sectional 
contraction and expansion. 



Fig. 17. — As the volume remains con- 
stant, the same amount of work and the 
same unit stresses occur in either tensile 
or compressive changes from one shape 
to the other (for practical purposes). 


one will be indicated by a subscript L applied to its dimensions in for- 
mulae. The lighter or shorter piece will be indicated by a subscript S. 

If the longer piece is squeezed sufficiently by external forces in the 
direction of the dark arrows, it may be compressed (approximately) to 
the shape and dimensions of the light piece. Conversely, if the light 
piece is stretched in tension in the direction of the light arrows, it may 
be elongated to the shape and size of the dark piece. Shapes are some- 
what distorted by external influences in actual tests, but that does not 
bear upon the analysis. 

As the internal forces which hold the atoms of the metal in uniform 
relation to each other will offer the same resistance to slip plane move- 
ment in any direction (in uniform material), the force per unit of area 
will be the same to start movement in either direction, that is, from long 
to short (compression), or from short to long (tension). 

As the volume is constant and the limiting shapes are just reversed, 
the internal working of the metal will be the same from one position to 
the other, whether the change is in tension or compression. Therefore 






COMPRESSIVE AND TENSILE MOVEMENT 


21 


the strain hardening will be the same and the final stress (or force) per 
unit of area will be the same regardless of direction. 

To be sure, the total force or resistance is generally increasing in the 
compression test (regardless of strain-hardening) because the area of 
the cross-section increases as the test progresses. Conversely, the total 
force or resistance is generally decreasing in plastic elongation as the 
section area is progressively decreasing. 

The work done or distance moved or change in either case is ordinarily 

expressed as a percentage of the original dimension. Thus a 10 per cent 

elongation is not the same as a 10 per cent compression. Referring 

again to Fig. 17, if the length of one piece is 1.0 in. and of the other 

, , . , , , . 1.1 - 1.0 0.1 

1.1 m., then the per cent elongation is — — = — or 10 per cent; 


and the per cent compression is 


1.1 - 1.0 

n 


1.1 


or 9.09 per cent. 
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Per Cent. Elongation; tensile test, wire drawing 

Per C-ent. Expansion in Shell Diameter; bulging, burring 

Fig. 18. — Scale of equivalent distortion effects (compressive and tensile). 


Fig. 18 shows a scale for the easy comparison of increasing or decreas- 
ing percentage changes. Of course the directional difference becomes 
more apparent with increasing magnitude, as that a 100 per cent elonga- 
tion (1 in. to 2 in.) is the reverse equivalent of a 50 per cent compression 
(2 in. to 1 in). 

An interesting comparison, bringing out a failing in the tensile test 
as an indication of capacity for plastic working, is reported per cent 
elongation in 2 in. vs. per cent reduction in area (at the neck). Refer- 
ring again to Fig. 17, if A represents cross-section area (at the right) 
and L represents length, the expression for per cent reduction in area is 


Al — Afi 

Al 


, which suits the upper scale of Fig. 18. The expression for 


per cent elongation is 


Ll ■“ Ls 


, which satisfies the lower scale. Accord- 


ingly, the two may be compared directly. 
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Plastic Range Physical Properties —The ordinary ultimate tensile 
strength'' and per cent elongation in 2 in. do not represent at all the 

maximum stresses or movements met in 
plastic deformation. In Fig. 19, however, 
these and other tensile test values for steels 
K have been translated into more useful limits 
for cold-working. Similar conversions have 
been made in Table I for Tobin Bronze. 

In Fig. 19, the low and high limits of 
curves A, B, F, G and K were taken from 
data ^ by Moore for Armco Iron and by 
Jeffries and Archer for substantially pure 
pearlite. These limits and the fact that 
they are connected by approximately 
straight lines are confirmed by Professors 
Sauveur and Troxell. 

Curve C, Fig. 19, showing the actual unit 
stress reached at the neck before the tensile 
specimen breaks, is approximated from the 
curve end stress values in Fig. 14 and proper 
c change of area values at the neck from curve 
G, In Table I, both the nominal and the 
actual tensile strengths were taken from 
tests of standard tensile specimens. Fig. 
20. The actual stress at the neck, in this 
case, is around double the nominal ‘‘ulti- 
mate tensile," and is practically the same 
whether performed on the annealed or 
cold-worked sample. If no surface scratches 
or flaws appear to cause premature failure. 

Fig. 19.-Phy8ical properties might properly occur when 

of the ferrite-pearlite range of metal is completely strain-hardened, that 
steels, showing the plastic is, when all suitably placed slip planes have 
range properties (working at been used up. This should take place at 
room temperatures). Test about the same final unit stress, whether 

the working was started with complete 
annealing or not. In straight compression 
about the same limiting unit stress may 
be expected, except that fractures may 
not spread into obvious failures quite as quickly. ' 

* Jeffries and Archer, *^The Science of Metals,” first edition, pp. 152 and 374, 
McGraw-Hill Book Co., New York, 1924. 
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The relative identity of tensile and compressive unit stresses or 3deld 
points at four stages in the strain hardening of the metal is also shown 
in Table I. This is in confirmation of the discussion in connection with 
Fig 17. The strain hardness ratings given, of 0, 12, 20 and 29 per cent 
for the four stages, are tentative, and the method of arriving at them will 
be discussed in a later chapter (VII). The slightly higher compressive 
unit stress in each of the higher stages is attributed to a pyramiding o/' 
pressure in the relatively low slugs used. 



Fig. 20. — Typical Tobin bronze specimens after tensile, compression and shear tests. 

See Table I. 


The usual “per cent reduction in area” is a true ultimate value and 
may be taken as an approximate plastic limit. From it we may read 
the equivalent “ultimate elongation” at the neck by means of the scale 
in Fig. 18. The result is shown in Table I in comparison with the 
“general” (or average) elongation in 2 in. Similarly in Fig. 19, curve J 
showing ultimate elongation was plotted, by means of Fig. 18, from curve 
Gf reduction in area. Elongations of 100 to 300 per cent seem excessive 
at first but are actually obtained in plastic working operations. With 
the generation or application of a little heat to lower the strain harden- 
ing rate, such limits have been materially exceeded especially in wire 
drawing. 
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Table I 

PLASTIC PHYSICAL PROPERTIES OF TOBIN BRONZE 
Analysis (Published): copper, 61.2 per cent; zinc, 37.3; tin, 0.9; lead, 0.4; iron, 0.2. 


Physical Test 

Annealed 
1100° F. 
M Hr. 

As 

Received 

(Ultimate) Reduction in area, per cent 

53 

48.5 

(General) Elongation in 2 in., percent 

46 

31 

(Ultimate) Elongation (at neck), per cent 

113 

94 

(Nominal) '' Ultimate tensile,” lb. per sq. in 

60,500 

66,000 

Actual ultimate tensile, lb. per sq. in 

120,000 

118,000 

(Nominal) Resistance to shearing, lb. per sq. in 

36,400 

42,400 

(Initial) Yield point: 



At approximate strain hardness of, per cent 

0 

12 

Tensile test, lb. per sq. in 

25,000 

52,000 

Compression test, lb. per sq. in 

24,500 

59,000“ 

After 20 per cent reduction — 25 per cent elongation: 



At approximate strain hardness of, per cent 

20 

29 

Tensile test, lb. per sq. in 

71,000 

83,000 

Compression test, lb. per sq. in 

80,000'' 

92,300“ 


® Higher than equivalent tensile yield points on account of pyramiding effect in eompressing low 
blanks. 

The absolute strain hardness ratings are tentative. 

The cold working for the second group of yield points was performed at about 70° F. 



CHAPTER III 


SHEARING METAL IN DIES 

Blanking, punching, trimming, shaving and otherwise cutting 
metal to shape in dies, forms a distinct group of press operations the 
subdivisions of which have much in common. It is the largest of 
such groups, and in general the simplest, although it still offers a number 
of unsolved problems and not a few complications. 

Mechanism of Shearing. — Shearing resembles testing in tension very 
closely. An increasing load stresses the metal in shear (or in tension) 
up to its elastic limit accompanied by the small proportional deflection 
of elastic material. As the load increases b€^yond the elastic limit, 
plastic deformation occurs through slippage along interatomic planes of 
the crystals in the area under stress. This proceeds according to the 
material, and is accompanied by a reduction of the area under greatest 
stress until the ultimate strength of the material is exceeded. The 
surface crystals of the metal being cut (Fig. 21 B) are more severely 
stressed than those in the interior as they are being forced to conform 
plastically to the profiles of the punch and die. The sharp cutting edge 
serves to localize the highest stress along one line in the surface material. 
Consequently when the strains in the material moving over the cutting 
edge reach sufficient intensity, fractures start there and spread through 
properly oriented cleavage planes of adjacent crystals in the zone of stress 
and in the general direction of similar fractures starting from the oppo- 
site cutting edge. Thus both in shearing and in the tensile test the metal 
is stressed beyond its elastic hmit, reduced in cross-section area (plasti- 
cally), and fails with a tensile fracture through the reduced area. 

The typical tool for punching, blanking, etc., is a symmetrical affair 
cutting all the way around the desired shape and therefore setting up 
balanced strains in the material during cutting. Exceptions to this are 
found in line shearing, shearing on two sides of a rectangle, notching 
three sides of a rectangle, cutting half blanks and similar unbalanced 
operations which will be discussed in order. 

The typical tool consists of a punch and a die, each in suitable 
holders. The punch is ordinarily the moving member and usually 
enters the die. Pig. 21 is arranged to show diagrammatically various 

25 
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phases of the shearing operation in stlch a typical tool. The illustra- 
tion shows the metal as if in strata form to indicate the manner of defor- 
mation. 

The sketches A, B and C in Fig. 21 show the progress of the punch 
through the metal under theoretical conditions of cutting annealed and 
plastic mild steel in a die having suitable clearance. In the first position, 
deformation is just beginning to take place. In the second (B), it has 
proceeded to a point where the ultimate strength of the surface material 
has been exceeded at the cutting edges and fractures have started. In 
the third (C), with very little additional progress of the punch, these 
fractures are spreading rapidly toward each other to meet in a clean 



Fig. 21. — Progress of a punch through sheet metal showing plastic deformation and 
fracture: A, 5, C, ductile metal with ample clearance; D, E, F, similar metal with 
insufficient clearance; (7, H, hard metal with sufficient clearance; /, effect of dull 

cutting edges. 


break. The counterpart of this illustration in practice is shown in 
Fig. 22. It is part of a disc blanked from 34-iii- soft steel in a die having 
proper clearance for material of such ductihty. Note that the white 
burnished band around the disc shows the depth which the disc had 
penetrated into the die (Fig. 21 J5), when plastic deformation ceased 
and the fractures started. The remainder is a typical, clean-fractured 
surface showing irregularities due to the different angles of the cleavage 
planes on which failure occurred in the many crystals. The crystalline 
structure and the space lattice of such material were shown in Figs, 8 
and 9. 

The sketches Z), E and F in *Fig. 21 and the disc shown in Fig. 23 
illustrate the ragged sort of a fracture which may be obtained if there is 
clearance between the punch and die, but not enough to suit the angle 
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at which material of such ductility tends to shear. Note at D and E 
that the fractures which start from the opposing cutting edges do not 
meet but leave a connecting ring of metal which must be sheared again 
as shown at F, 

Fig. 24 shows a disc of harder, smaller-grained, cold-rolled material 
blanked with the same punch and die as the disc shown in Fig. 23. 
Note, however, that the fracture is clean and the penetration to effect 
shearing was very much less. As illustrated at G and i/, Fig. 21, the 
plastic deformation before the fractures started was very little, and the 
break was completed in a much shorter distance than in the pre- 
vious case. 

Considerable space was devoted in Chapter II to showing the rela- 
tion between hardness, strength, crystal size and ductility. In blank- 



22 23 24 

Fig. 22. — Low-carbon steel and ample clearance, showing penetration or reduction 
in thickness before fracture and surface curvature due to tensile strains during plastic 

deformation. 

Fig. 23. — Half-inch hot-rolled mild steel blanked with insufficient clearance and 
showing secondary fractures. 

Fig. 24. — Hard steel showing small reduction in thickness and clean fracture though 
clearance was the same as for Fig.. 23. 


ing, the depth of penetration to effect shearing seems to fall in the same 
category as a measure of ductility and in inverse proportion to the 
hardness. The per cent reduction in thickness in shearing with suitable 
clearance seems related to the per cent reduction in area in the tensile 
test, although no proof of it is available at present. A comparison of 
hardness and depth of penetration for the three discs shown in Figs. 22, 
23 and 24 shows that, as the hardness increases, the depth of penetration 
to effect shearing (and therefore the ductihty) decreases. Thus the 
penetration was approximately 30 per cent for Fig. 22 with a Shore 
Scleroscope hardness number of 19; 16 per cent for Fig. 23 with a 
hardness number of 21, and 8 per cent for Fig. 24 with a hardness num- 
ber of 26. 
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Fig. 25 shows three photomicrographs of metal which have been 
partially sheared through to confirm Fig. 21 and to show details of the 
crystal structure where the cut begins. The sample selected was par- 
tially strain-hardened Tobin Bronze strip in. thick. The shearing 
punch was forced to enter about 17 per cent of the way through the 
strip. At that point the beam of the testing machine had just 
begun to drop, indicating that the maximum pressure had just been 
passed. 

The sample was then cut in quarters along lines running with and 
across the length of the strip or the direction of rolling. The cross- 
sections were polished, etched and photographed at magnifications of 
90 and 100 times their actual size. Fig. 25 A was taken at the point 
indicated by x and a circle in Fig. 26, on a surface with the direction of 
rolling. It is etched to bring out flow lines and to verify the plastic 
metal movement which takes place before the fracture really starts, as 
was illustrated in Fig. 21 B. Note the manner in which the top surface 
of the metal had been dragged down by the tensile strains in the metal 
as the punch progressed. 

Fig. 25 B and C illustrates an interesting point relative to the 
“ grain of rolled metal. As the rolling is (ordinarily) all in one direc- 
tion, the original crystals, which tend to start out more or loss spherical 
or equiaxed, are flattened down and worked out in the direction of rolling. 
This is illustrated by photo By which is a cut with the '‘grain'’ and shows 
generally elongated crystal outlines as compared with photo C, which is a 
cut across the "grain” and shows generally smaller and equiaxed grain 
sections. 

The elongation of the crystals has been accomplished by movement 
along many slip planes which are favorably located with respect to the 
rolling action. Other slip planes at other angles have not been used, 
however, suggesting a probable difference in physical properties of the 
strip with and across the grain. Thus the upper surface of the strip has 
been dragged down much more in photo B than in C. This and the 
fact that no appreciable fracture has yet started in B where the edge of 
the punch is cutting across the grain indicates that the metal is in a more 
plastic state and can be worked further before reaching the ultimate 
strength. In photo C the cutting edge is with or parallel to the grain, 
in which direction the metal has less remaining plasticity and fractures 
more quickly. To show this, note that the punch has traveled a con- 
siderable distance beyond the lower end of the smooth or burnished 
surface and has opened up quite a wide fracture. This fracture in fact 
has traveled almost a third of the way through the remaining thickness 
of the strip. 
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Fia, 25. — Tobin bronze 17 per cent sheared as at X in Fig. 26, showing profile and stressed area. A, with the grain, indicates metal movement, 
X90. By with the grain, and C across the grain (XlOO) show directional effect upon the crystals and upon the resistance of the metal. 
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Fig. 26 indicates in a general way the strains occurring in the metal 
in shearing. The fracture diagrammed in Figs. 21 and 22 really is a 
tensile failure. The strain along the surface is in tension, as shown by 
the dragging down of the free edges, Figs. 21 and 25. Such strains also 
leave their mark on the surfaces in contact with the flat faces on the 
punch and die owing to the slight movement of the material an appreci- 
able distance back from the cutting line (Fig. 25 C), The tensile strains 
along the free surfaces result in a flaking off of the surface scale on 
unpickled material, back as far as the movement in the metal is appreci- 
able. This is shown on the surface of the disc in Fig. 23. This flaking 
of hard scale (iron oxide or silicide) is obviously detrimental to the dies 
on account of its abrasive character and is sometimes retarded by coat- 
ing the material with baked lubricating enamel or with copper or lead 



Fig. 26. — The compreasive stress (and attendant tensile strain in the metal) between 
punch and die which distorts the sheet and crowds adjacent punches. 


from a lead acetate or hot copper sulphate dip, though the latter methods 
are rather expensive. 

There is also a compressive strain due to the diagonal pinching of the 
metal between the approaching faces of the punch and die. This is a 
considerable force and has an outward component which is responsible 
for the crowding of metal between punches, and the distortion of per- 
forated sheets. 

Working Pressure. — The pressure required to cut a given blank 
varies according to the tools: the clearance between the punch and die, 
the sharpness of the cutting edges and the angle of shear on the punch 
or die. 

For round work, clearance is half the difference between the diam- 
eter of the die and the diameter of the punch. For any shape it is the 
distance between the punch and the die when the punch is entering the 
die centrally. Something of the effect of the clearance upon the type 
of fr 9 <eture was shown in Figs. 22 and 23. Fig. 27 is a reproduction of 
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three indicator diagrams showing variation of punching pressure with 
clearance taken from a report presented before the A.S.M.E. by 
Professor Gardner C. Anthony. The material was mild steel plate, 
0.315 in. thick, showing a quite uniform reduction of thickness at frac- 
ture of 34 per cent, as shown by the peak of the curves. The diameter 
of the die was 0.767 in. Three punches were used having diameters of 
0.702 in. for card A, 0.738 in. for card B and 0.750 for card C. As the 
clearance between the punch and die was decreased, the pressure required 
for fracture was increased. Thus the clearance was 10.3 per cent of the 
metal thickness for card A; the punching pressure was approximately 
32,000 lb. For card B the clearance was 4.6 per cent of the metal 
thickness and the punching pressure was 33,000 lb. For card C the 
clearance was 2.7 per cent, and the pressure was 34,500 lb. In pounds 
per square inch on the original area this pressure to effect shearing 
varied approximately from 42,200 to 44,400, about 5 per cent. 



Fig. 27. — Indicator diagrams show progressive load in punching ^-in. holes through 
ductile ^ 16 -in. boiler-plate with {A) 10, (B) 5 and (C) 3 f>er cent clearance, approxi- 
mately. (Jk^aihpny) 


Dull cutting edges increase the shearing pressure and greatly increa.^e 
the w^orking distance to complete the shearing action. In an experi- 
ment at the University of Toledo in 1935 several metal samples were 
punched, first with sharp dies and then with the same dies dulled with 
a stone to nearly > 64 -in. radius. For example, in punching 3^-in.- 
thick hot-rolled (soft-temper) steel with the die sharp the maximum 
pressure was 40,000 lb. per sq. in. ; penetration to effect shearing about 
48 per cent; work done (area under stress-strain curve) 1.01 in.-tons. 
With the die edges dulled, the maximum pressure increased to 46,000 
lb. per sq. in.; penetration to nearly 70 per cent, and work done, to 
1.66 in.-tons. That is, the dull cutting edges increased the working 
pressure about 15 per cent and increased the work or energy require- 
ment about 64 per cent. 

Note the effort to illustrate the formation of burrs in sketch J, 
Fig, 21. As has been pointed out, a sharp edge causes fractures to start 
in the crystals of the line of severely strained material in contact with 
it when the limit of strength is reached. If an edge is worn rounded or 
chipped in spots, the surface area of severest strain is not localized along 
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a line but has considerable width. The natural tendency is for the 
fractures to start approximately from the point where the edge radius 
joins the vertical side of the punch or die. If there happens to be a 



weak spot or more favorable cleavage 
plane nearby, the fracture will start 
there, accounting in part for the irreg- 
ularity of burrs. 



Fig. 2S. — Different angles of shear on 
the punch (or die) reduce the work it 
is doing at any instant. Note Fig. 29. 


Return now to the effect of sheared 
dies upon shearing pressure, a discus- 
sion in which there is an opportunity 
for confusion in terms. We are ap- 
plying the verb 'Mo shear to the 
act. of cutting metal in dies. The noun 
‘"shear” applied to dies, or “angular 
shear,” Z Sh, refers to the practice 
of grinding the face of Ihe punch or 
die at an angle or otherwise setting 
one cutting edge at an angle with 
reference to the other. The object, 
of course, is to reduce the amount 
of resistance which the punch or 
upper blade is encountering at any 
one instant. The length of the work- 


ing stroke is increased, but the metal is actually sheared just a little at 


a time. 


Fig. 28 is arranged to show diagrammatically the effect of shear on 
the dies, and Fig. 29 to show the variation in pressure for typical con- 
ditions. 



Fig. 29. — Comparative punching pressure charts for conditions of shear illustrated 
in Fig. 28, with ample clearance in group a, and insuflScient clearance in group b. 


At 28 A with a flat punch and die the shear is equal to zero, 
Z S/i *= 0. Assuming that there is ample clearance to give a clean 
fracture, the rise and fall of the working pressure, as the punch passes 
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through the metal, is as illustrated by the curve A in Fig. 29 a. This 
is based upon ductile metal requiring about a third penetration, or 
reduction in thickness, to effect shearing. Thus the pressure rises 
quickly to the elastic limit, then gradually to a peak at the point of 
fracture a third through the metal, and drops at once to nearly zero. 
Such a sudden drop will cause more or less oscillation in the press frame. 

The curve at A in Fig. 29 h shows the same metal sheared in a die 
with insufficient clearance (see Figs. 21 F and 27 C), a common condi- 
tion. The principal difference between this and the previous case is 
that considerable pressure is required, after the primary fracture, to 
take care of secondary fractures and higher friction. This materially 
increases the average pressure over the distance equal to the metal 
thickness {t). 

Fig. 28 B shows a punch with shear equal to the penetration to 
fracture, that is, A Sh — t/^ m this case. In the position in which it 
is drawn, the first portion of the punch to enter has reached the peak 
load and is starting the fracture, while the last part to enter is just 
starting to work. This is the position of greatest total pressure under 
the prevailing conditions, as shown by curve B in Fig. 29 a. This 
greatest pressure is equal to the average of the pressures from the start 
to the peak on curve A, and therefore is not materially lower than that 
peak. The advantage of this amount of shear is that the pressure builds 
up and is released more gradually than in the case of the flat punch (A). 

In Fig. 28 C the punch has shear equal to the metal thickness, 
Z Sh = t. In the position shown, the punch is just coming in contact 
with the metal at x, the starting pressure; at y it is starting the fracture, 
the maximum pressure; and at z it is entirely through. With sufficient 
clearance the pressure between y and z is practically zero. In any case, 
the greatest total pressure {x to z) is equal to the average value of the 
pressure on the flat punch during its progress through the metal. 

This average pressure is nearly a third of the maximum pressure for 
the one-third penetration metal with ample clearance, case 29 a 
(P average = approximate P maximum X 0.33). It is lower for less 
ductile metals requiring less penetration to effect shearing. It is higher 
where the clearance is insufficient, as in 29 6. 

If the shear is increased to twice the metal thickness. Fig. 28 D 
(Z Sh — 2t)f then only half the length of the cutting edge can be in 
the metal at any instant. Consequently the greatest pressure on the 
punch is only half the average pressure just discussed. The pressure 
curves are as shown at D in 29 a and 29 &, depending upon the clearance. 

It is apparent, from the foregoing, that, wherever the shear is equal 
to or greater than the thickness of the metal (Z Sh = t or greater), the 
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working pressure (P) is lower than the average pressure (Pav.) accord- 
ing to the ratio of the metal thickness (t) to the shear ( Z Sh). That is: 

P = Pav. xt-^ Z Sh (1) 

Pav. = Pmax. X per Cent penetration (la) 

Without shear, when Z >SA = 0, P = P max. (See Appendix, Chart 11.) 

Referring to the three curves shown in Fig. 27, the average pressure 
(Pav.) varies from 35 per cent of the peak pressure (Pms^.) with proper 
clearance and ductile material, to 65 per cent of the peak pressure 
with insufficient clearance. The average pressure is probably as low 
as 15 per cent or less of the peak pressure for hard metals with ample 
clearance. 

The maximum pressure to shear any shape with a sharp flat punch 
and die with proper clearance is obtained by multiplying the length of 
cut (L) in inches, that is, the circumference or perimeter of the shape, 
by the thickness of the metal {t) in inches, which gives the cross-section 
area (A) in square inches, to be sheared. This is multiplied by the 
ultimate shearing strength, or resistance to shearing for the metal {Ss) 
in pounds per square inch to give total peak pressure (Fmax.) in pounds. 
Combining this: 

Pmax. ^ LX tXSs (2) 

or ^ P max, ~ irXdXtXSs (2a) 

(See Table II and Appendix, Chart I.) 

Summary of Factors Affecting Pressure. — The pressures obtained 
graphically from the nomograms furnished in the Appendix can be 
read closely enough for press calculations. The p)eak pressure, Pmax., 
which is the value obtained from Chart I, is used without modification 
in many cases, especially on work of comparatively small dimensions. 
Those factors which change it may be reviewed as follows: 

1. Clearance, between the punch and die. This affects the pressure 
most when the punch diameter is small compared to the metal thickness. 
The peak pressure may be increased possibly 5 or 10 per cent by decreas- 
ing the clearance from an amount suitable for a dean fracture to nearly 
zero. Increasing the clearance above what is necessary for a clean 
fracture decreases the load somewhat and increases the angle of the 
fracture and the rounding over of the free edge. 

2. Sharpness of the cutting edges. A sharp edge localizes the 
severest stresses and causes the fracture to occur sooner and more tasily 
than a dull edge. The condition of the edges affects the pressure most 
when the metal is thin. 
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3. Hardness of the material. Cold-working, and strain-hardening 
by cold-rolling, may increase the resistance to shearing up to perhaps 
100 per cent under ordinary circumstances. 

4. Shear on the punch or die. As a flat punch progresses through 
metal it meets an increasing resistance up to the ultimate strength and 
then a more or less sudden drop. If the punch or die is ground at an 
angle such that there is a difference in level between the high and low 
points equal to the metal thickness, then the greatest punching pressure 
is reduced to the average or mean of the progressive pressure through 
the metal, as has been described. If the shear is increased to twice or 
three times the metal thickness, the punching pressure is reduced to a 
half or a third of the average pressure. Shear is most important on 
blanks which are large compared with the metal thickness. 

The energy required to perform the work of shearing is the product 
of the average pressure and the working distance: 

W - Pav. X t (3) 

or W — P max. X per cent penetration X t (3a) 

% 

(See Appendix, Chart III.) Work and energy are measured by the 
area under the pressure-thickness curve. In Fig. 27 it may be noted 
that the energy requirement (in inch-pounds) increases as the clearance 
is decreased. The harder, less ductile metals require pressure through 
a shorter distance, and accordingly less work is performed in shearing 
them. Shear on the punch or die reduces the working pressure but 
increases the distance through which it must be applied, so that the 
total work done is the same, as indicated in Fig. 29. 

Press power-requirements are summarized briefly in the Appendix 
in connection with Chart X and Table XXIV. 

Speed of operation depends upon the method of feedhig and upon 
the impact and heating which the cutting edges of the punch and die 
steels will stand with economic life. The heating depends upon cutting 
speed, lubrication, die clearance and press deflection. The Impact 
depends upon the speed and stroke of the press which determines the 
velocity at shearing, and upon the resistance of the material to shearing, 
per unit length of cutting edge. A more detailed consideration of the 
subject of operating speeds will be found in Chapter XIV. 

Shearing Resistance. — Table II gives values for the shearing resis- 
tances (Ss) of common materials, both annealed and in a more or less 
strain-hardened state, and the penetration to start the fracture. It is 
compiled tentatively from experiments and from such meager published 
data as we have found. 

It may be not^d that, where shearing tests are available on pure 
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metals, values for their alloys will be higher, as suggested by Fig. 12. 
Thus in Table II the shearing resistance offered by brass is materially 
greater than that for either of its constituents, copper and zinc. Values 
for the shearing resistance of annealed aluminum as given by ^^The 
Aluminum Industry,” Vol. II, are: 

for 99.9 ]per cent purity 7000 lb. per sq. in. 
for 99.2 per cent purity 10,000 lb. per sq. in. 

Table II 

RESISTANCE OF METALS TO SHEARING IN DIES 


Material 

Annealed State 

Partially Cold-worked “ 

Resistance to 
Shearing, Ss, 
Lb. per Sq. In. 

Reduction, or 
Penetration 
Per Cent 

Resistance to 
Shearing, 

Lb. per Sq. In. 

Reduction, or 
Penetration 
Per Cent 

Lead 

3,500 

50 

Anneals at rooi 

in temperature 

Tin 

5,000 

40 

Anneals at room temperature 

Aluminum 

8,000 

GO 

13,000 

30 

Zinc 

14,000 

50 

19,000 

25 

Copper 

22,000 

55 

28,000 

30 

Brass 

32,000 

50 

52,000 

20 

Bronze 90—10 .... 



40,000 


Tobin bronze. . . . 

36,000 

25 

i 42,000 

17 

Steel 0.10 C 

35,000 

50 

43,000 

38 

0.20 C 

44,000 

40 

55,000 

28 

0.30 C 

52,000 

33 

67,000 

22 

0.40 C 

62,000 

27 

78,000 

17 

0.60 C 

80,000 

20 

102,000 

9 

0.80C..* . . 

97,000 

15 

127,000 

5 

1.00 c 

115,000 

10 

150,000 

2 

Silicon steel 

65,000 

30 



Nickel 

35,000 

55 



See also Table XXVII in Appendix] 





“As received. Actual “degree of cold working” due to previous treatment unknown. 
Available test data do not agree closely. This table is subject to verification with closer control 
of metal analysis, rolling and annealing conditions, die clearances, etc. 

Note that “ per cent reduction in area ” is considered to mean the same thing as “per cent reduc- 
tion in thickness to effect shearing. ” 


This merely indicates the considerable differences possible due to even 
small amounts of other elements. 

The opinion has been expressed that the shearing resistance of metal 
bears a fairly constant relation to its (nominal) ultimate tensile strength 
from about 76 per cent in the annealed state to around 60 per cent when 
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sev'erely strain-hardened. This seems to have applied fairly consistently 
in many tests of aluminum. Table I for Tobin Bronze, however, shows 
relations of 60 and 65 per cent, annealed and strain-hardened. It 
should be noted that neither shearing nor common tensile tests give a 
true unit stress, and that the two are affected in different ways by 
strain-hardening. 

The columns in Table II, which show values for cold-worked material, 
have inconsistencies due to non-uniformity in the extent of cold-working. 
That is, some samples may have been ^^half hard,^’ others “quarter 
hard,” etc., or, according to non-ferrous ratings, two, four or eight 
gauge numbers hard, according to the amount of rolling undergone since 
the last annealing. A table could undoubtedly be prepared eventually 
taking these differences into account. There is suggested, however, 
the need for a common method of rating strain-hardening from an 
absolute zero. Further data along this line will be offered later, but 
some which applies particularly to shearing may be recorded here. 

Figs. 30, 31 and 32 show stress-strain curves (the heavy solid lines) 
drawn by an Olsen recording testing machine in the course of punching 
tests upon various samples of aluminum, steel and high brass. The 
curves have been translated to show the actual stress in pounds per 
square inch upon the continually diminishing cross-section area of 
material in shear. Finally the new curves have been transposed to new 
positions in an effort to indicate a curve or line which would be the locus 
of all curves of plastic deformation of the material in whatever state. 
This curve indicates the rate of strain-hardening as the metal is worked 
between its initial yielding and final failure. 

The punching or shearing test offered sufficient data in usable form. 
Round punches and dies were used, with the clearance between punch 
and die maintained at about 10 per cent of the metal thickness in order 
to give clean fractures without the confusing influence of secondary 
shearing. Referring back to Fig, 21 B, which illustrates the progress 
of a sharp-edged punch through sheet material, it will be remembered 
that the stresses are not perfectly uniform across the area under stress, 
but are most severe at the corners. Referring to Fig, 26, in which are 
indicated the directions of tensile and compressive strains in material 
being punched, it will be noted that the tensile stresses are not quite 
parallel to the direction of travel of the punch. Both of these con- 
siderations account for discrepancies in the results obtained. Never- 
theless, the test is, in effect, plastic deformation in tension with con- 
trolled and measured necking-in or reduction in area. The curves used 
were the results of single tests, checked, however, by comparison with 
other tests on the same piece of material. 
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Fig. 30 shows two curves taken from shearing or punching tests 
performed upon 99.8 per cent pure aluminum. Punch diameter is 
1.551 in.; die diameter, 1.591 in., metal thickness, 0.162 in. The metal 
was first tested in the cold-rolled condition, as received, producing curves 
of which Xi is typical. A portion of the same piece was then annealed 
at 850 to 900® F. and tested, the curve Yi being a typical example. 

The curves X 2 and Y 2 were computed and plotted from Xi and Fi, 
to show the stress per unit area on the area actually in shear at each 
instant. This is quite easily done by proportion and comparison of 
penetration with total thickness. Wall friction was neglected. The 
curves were then transposed to the right so that plastic deformation 
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Fig. 30. — Punching tests of pure aluminum, as received or rolled (x) and annealed (t/) 
with derived curves showing resistance per unit of area and the hypothetical strain- 

hardening curve. 


curves, above the ‘^elastic limit,’' form a continuous curve from the 
origin. The hypothetical first portion of this curve would apply to 
perfectly soft and plastic material, perhaps approaching zero yield 
point in the single crystal state. It is possible according to this 
hypothesis to grade the annealed material as about 13 per cent strain- 
hardened (on the absolute scale) and the cold-worked material as about 
28 per cent strain-hardened. In such a case, given the initial state and 
the amount or percentage of cold-working to be performed, the resultant 
condition of the metal should be reasonably predictable. 

In Fig. 31, the curves Li, Mi and Hi are the results of shearing tests 
on annealed samples of low-, medium- and high-carbon steels, respec- 
tively. It will be found interesting to compare these with the tensi/e 
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test curves for annealed steels of different carbon contents, shown in 
Fig. 14. Note in this case also the position of the curve for 0.15 C steel 
partially cold worked. If amount of cold-working and absolute stress 
could be incorporated here, the two curves for 0.15 C steel should 
coincide in the latter part of the range, as in Figs. 30, 32 and 125. 

Returning to Fig. 31, the curves 
L 2 , M 2 and H 2 are merely replot- 
tings of the originals to show abso- 
lute or actual stress per unit of 
changing area instead of beam pres- 
sure (total, or per unit of original 
area). The plastic deformation 
portions of these curves are then 
transposed to coincide with straight 
lines through the origin in the same 
manner as in Chapter VII, and 
especially Fig. 122. The difference 
in carbon content then grades these 
metals as having rates of strain- 
hardenings {Sxj Fig. 125) of about 
112,000, 138,000 and 270,000, re- 
spectively. The results, however, 
are probably not comparable, on 
account of stress differences between 
the shear, tensile and compressive 
tests, and localized high stresses 
at the cutting edge. 

Fig. 32 shows shearing tests of 
No. 11 gauge, 0.125 in. yellow brass. 

Curve A is from No. 8 hard or spring 
temper brass as rolled, measuring 91 
Rockwell B scale or 190 Brinell, 
which failed at about 54,000 lb. per 
sq, in. and 22 per cent penetration. 

Curve B is from the same material partially annealed. Curve C is 
again the same material annealed at 1100° F. for hr. to a Brinell 
hardness of 58. It failed at approximately 34,000 lb. per sq. in. and 
a punch penetration of 49 per cent. 

The three recorded curves have been replotted at Jli, Bi and Ci to 
show the actual rise in resistance as the area in shear is reduced and the 
material in the pressure area is distorted and strain-hardened. These 
new curves were then transposed to the right with a correction of angle, 



0 10 20 30 40 SO 60 70 80 90 100 per cenf 
Punch Penefrafion, Reduchon in Thickness 

Fig. 31. — Punching tests of low (L), 
medium {M) and high {H) carbon steels 
with derived absolute curves, and hypo- 
thetical strain-hardening curve. 
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to indicate the continuous rate of strain-hardening. The blanks pro- 
duced in these tests are shown in Fig. 20. It will be noted here again 
that the hardest blank shows the narrowest burnished band around the 
edge. The softest shows the greatest distortion or bowing. 

The use of rate of strain-hardening curves developed from the shear 
test, Figs. 30, 31 and 32, are principally of interest to show trend and to 



Fig. 32. — Shearine; or blanking test curves of 70 : 30 brass: A No. 8 hard, B partially 
annealed, C annealed; then relocated at Ai, Riand Ci to read in unit stress as the 
area is reduced; and finally transposed to establish a common curve for any state. 

illustrate the effects of hardness upon load. More satisfactory results 
for purposes of rating were obtained later from direct tension and com- 
pression tests as developed in Chapter VII. 

Die Design Data. — Dies for operations in the shearing group vary 
in design and arrangement according to the particular operation, the 
press, the method of feeding and discharging, the quantity to be pro- 
duced, the accuracy required and the whim of the designer. It is 
beyond the scope of this discussion to go into mechanical details of die 
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designing, arrangement and proportioning, as it would involve the con- 
sideration of too many alternatives and possibilities. Such details 
have already been discussed quite well.^ 

Tools for shearing operations ordinarily consist of a punch or male 
member attached to the moving slide of the press, and a die or female 
member attached to the fixed bed of the press. The arrangement is 
inverted in some cases, as in Fig. 36. A single unit may consist of a 
number of punches and dies mounted on common holders and operating 
simultaneously. Other essential adjuncts to the tools include gauges, 
pilots and guides for the stock, strippers to prevent the sheet clinging to 
the punches, knockouts to lift punchings out of the dies when they are 



Fig. 33. — Simple blanking die with spring stripper, no guide pins. 

not pushed through, etc. Some of these parts have been labeled in 
Fig. 40. 

Figs. 33, 34, 36, 39 and 40 show blanking and punching dies of quite 
different types and constructions to illustrate a few of the features being 
discussed. 

The time required of the die-setter to place the tools properly in the 
press depends upon how convenient the arrangements for holding the 
tools may be, and how accurately the tools must be located both in the 
press and relative to each other. Accuracy and convenience in tool 
setting are often closely related in that the holders are arranged to 
maintain the proper relative location while being set in the press as a 
unit. 

The simplest sort of temporary tools may have plain plates for 
holders, Fig. 33, or no holders at all.- They usually require quite a bit 

' Die design detail references: Woodworth, “Punches, Dies and Tools for Manu- 
facturing in Presses,^' Henley; Jones, “Die Design and Die Making Practice,” The 
Industrial Press; Stanley, “Punches and Dies," McGraw-Hill; Woodworth, “Dies — 
Their Construction and Use,” Henley; Dowd and Curtis, “Punches, Dies and 
Gauges,” McGraw-Hill; C. W. Lucas, “Press Work Pressures,” McGraw-Hill. 
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of fussing on the part of the die-setter to get them clamped up in 
position. 

Watchmakers at an early date developed sub-presses, such as that 

shown in Fig. 34, to solve the set-up and accuracy problem. Holders 

of a more or less standardized design were constructed, and in these the 

punches and dies were kept set and ready to place in the press at any 

time. This act is quickly accomplished as relatively high die space 

presses are used with a punch stem T-slotted to receive the standard 

button on the top of the sub-press plunger and provision on the bolster 

^ for clamping the standard sub-press 

’ ' ' ■ '■ frame. Accurate alignment of the 

plunger in the frame is maintained 

by compressing a tapered babbitt 

bushing or sleeve in the upper part 

of the frame by means of the large 

flange or nut. The punch and die are 

held securely in the plunger and frame, 

and as they are set in place by the 

diemaker on the bench, no production 

time is lost at the press. 

On larger operations on which 

the metal thickness permits greater 

clearance, but where the quantity 

to be produced is still large, the 

standardized die-set has become quite 

popular. These, as shown in Figs. 

^ ..35 and 40, consist of steel or iron die 

Fig. 34. — Sub-press die for watch , , u i x u • t 

parts and similar small clearance P^^*® held in align- 

work on thin metal. by two to four substantial guide 

pins. The die base ordinarily has 
slotted ears for convenience in holding it to the press bed, and is of 
sufficient thickness so that the hardened-steel guide pins, which 
are a straight drive fit or a taper fit, can be held securely against possible 
deflection. The punch plate is usually fitted with a stem which may 
be clamped easily in the sUde of the ordinary punch press, and has driven 
in it the hardened bushings in which the guide pins slide. To serve their 
purpose of maintaining the proper relative locations of the die and punch, 
it is clearly desirable that the sliding clearance on the guide pins in the 
bushings should be very small compared with the clearance between the 


punch and die, which is necessarily small. Guide pins are used too, in 
many large and special dies for both convenience and accuracy in 
setting up, as in the case of automobile-shop die. Fig, 36. 
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The quantity of parts to be produced determines how fine a job 
should be done upon the tools in the matter of simphfying the manu- 



Fig. 35. — A standardized die-set including guide pins for accuracy and convenience 
in setting dies. Courtesy Danly Machine SpeciaUieSy Inc, 


facture of parts subject to wear and providing rapid and easy regrinding 
and replacement of such parts. We are reminded of an equipment 



Fig. 36.“An inverted type blanking and piercing die for a running board. Guide 
pins, sectional cutting steels, spring knockout pad. 


including master tools and fixtures made at very considerable expense 
so that punches and dies, accurate to a fraction of a thousandth and 
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Fig. 37. — Shear on hole-cutting punch 
(A) to leave sheet or article flat; or 
shear on blanking die (B) to leave 
blank flat and distortion in the scrap. 


absolutely interchangeable with any others made from the same masters 
could be produced ultimately at a remarkably low cost. These dies, 
perforating and blanking rather high carbon steel at over 350 strokes per 
minute, show w^hat is at present a remarkable life of up to and over 
700,000 working strokes per grinding. 

Shear on dies, that is, grinding the punch or die at an angle, has 
already been discussed. It must be remembered, of course, that shear 
has a distorting effect as indicated at C and D in Fig. 28. Accordingly, 
when punching out openings in a sheet or article which must be kept 

flat, the die should be ground flat and 
the shear should be on the punch as 
indicated at A in Fig. 37. Conversely, 
in cutting out blanks which must be 
flat, from strip material, the punch 
must be flat, and any shear ground on 
the die so that the distortion is in 
the scrap only. It is desirable, of 
course, to have the shear balanced, as 
illustrated, so that there will be no side thrust tending to make the 
die creep and reduce the clearance on one side or deflect the punch. 

Die Clearance. — The amount of clearance to be allowed between 
the punch and the die is still open to some question. There is an old 
rule of thumb that the clearance (half the difference between the punch 
diameter and die diameter) should be a tenth (0.10 i) of the metal thick- 
ness for soft material and up to an eighth (0.125 t) for hard material. 
Another rule gives 5 per cent of the metal thickness (0.05 t) for brass, 
6 per cent (0.06 t) for soft steel and 7 per cent (0.07 t) for hard steel. 
Yet we have data showing clearly, so far as minimum pressure, minimum 
work and a clean fracture are concerned, that a soft ductile metal requires 
more clearance than hard metal. The explanation of the reverse order 
in the old rules is undoubtedly that hard metal will stand more clearance 
than soft metal though it does not require it, and the larger clearance 
reduces the load on the cutting edge. The author believes that the 
clearance should be expressed in a relative proportion to the ductility 
of the metal as indicated by the per cent reduction in area in the tensile 
test or the per cent reduction in thickness in shearing. The card A in 
Fig. 27 was taken on comparatively ductile steel showing about 55 per 
cent reduction in area, 34 per celTt reduction in thickness and requiring 
not less than 10 per cent clearance for a clean fracture. On the other 
hand, the blank shown in Fig. 24, showing about 8 per cent reduction in 
thickness, fractured cleanly with under 3 per cent clearance. 

Table III and Fig. 38 show the figures and curves obtained in a 
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standard blanking test using a series 
of punches to give different clear- 
ances. The blanking , pressure falls 
as the clearance increases. Bowing 
of the blank increases with the 
clearance. Secondary shearing, as 
evidenced by jagged lips around the 
fractured edge of the blank and by 
the recorded curves, becomes less as 
the clearance increases, and disap- 
pears when it amounts to 10 per cent 
of the metal thickness. No burrs 
were apparent in any test. The 
work done, represented by the area 
under the curves, becomes less as 
the clearance increases. These tests 
were performed in an Olsen recording 
testing machine fitted with a small 
Danly die set, one die and a series of 
interchangeable punches of different 
diameters. The 45° line on the 
charts is for reference purposes in 
judging the decrease in secondary 
shearing and work. 

The upper limitation on the 
amount of clearance is the greater 
tendency to form burrs. Thus, espe- 
cially if the cutting edges are not 
sharp and the clearance is excessive, 
the fractures may start above the 
cutting edge in the tensile stress 
region, as indicated at the right in 
sketch J of Fig. 21. Increasing the 
clearance does reduce the crowding or 
spreading action in the metal which 
occurs during the plastic deformation 
period as illustrated in Fig. 26. 
This spreading side-thrust is of con- 
siderable intensity at short range, in 
proportion to the metal thickness, 
and tends to bend delicate punches, 
Fig, 62, which are close enough, 
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causing them to alter their clearance and in some cases to break or chip 
against the die edges. Where a number of small punches are grouped 
closely around a large punch, it is usually desir;ible to grind the small 
punches shorter than the large one by an amount equal to the reduction 
in thickness to effect shearing. The object is that the small punches 
shall not enter the metal until after the spreading, due to the entry of 
the large punch, has taken place. 


Table III 

EFFECTS OF CLEARANCE IN BLANKING COLD-ROLLED STEEL, 
SOFT TEMPER 0.250-IN. STOCK THICKNESS 


Test 

No. 

Diameter j 

Clear- 

Per Cent 

Pressure, 

Actual 

Bow in 


of Punch, 

ance on 
Side, 
Inch 

Clear- 

Lb. per 

Pressure, 

Blank, 

Notes 

Inches 

ance 

Sq. In. 1 

Pounds 

Inch 


67 

1.577 

0.007 

2.8 

33,600 

42,000 

0 010 

1 

Secondary 

Shearing 

68 

1.561 

0.015 

6.0 

33,600 ' 

42,000 

0.0115 

1 

1 

69 

1.551 

0.020 

8.0 

33,200 

41,500 

0.012 


70 

1.541 

0.025 

. 10.0 

32,800 

41,000 

0.015 

Best clearance 

71 

1.521 

0.035 

14.0 

32,400 

40,500 

0 021 



Notes: 67, 68, 69, perceptible burrs; 70, 71, imperceptible burrs. Penetration to effect primary 
shearing: average 35 per cent. Diameter of hole in die: 1.591 in. 

Table reproduced through the courtesy of M. J. Mattera of the E. W. Bliss Co., Oct. 25, 1928. 


Sheared blanks may be either pushed through the die. Fig. 33, or 
pushed back out of the die. Fig. 36, and discharged or carried off from 
its surface. In the latter case the walls of the die are straight and per- 
pendicular to the plane of the surface all the way down. As the die is 
ground down, the shape and dimensions of the piece which is cut remain 
the same. 

In some cases the walls are made straight even though the blanks 
are pushed through the die. When this is done the solid mass of blanks 
fits so tightly in the die that often more pressure is required to push 
them down than is needed to shear the blank. It is desirable in such 
cases to lap the die walls vertically. It may be noted here that blanks 
sheared with insufficient clearance, as shown at F in Fig. 21, present 
jagged edges to the die wall, increasing the push-through resistance and 
the wear. There is said to be some tendency for straight-waU dies to 
wear bell-mouthed at the top. 

Most dies, particularly for cutting steel, are made with a straight 
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wall for only a short distance, as shown in Fig. 21 and in the section of 
the die at D in Fig. 39, and then are flared larger at a to 2° angle so 
that the blanks will fall freely. The disadvantage of this practice is that, 
if the die is ground down beyond the straight portion, the siae of the 
blank increases according to the taper. Also, as the taper is often put 
in by hand and is not uniform, the increase is not uniform. The diffi- 
culty is sometimes overcome by peening the die a short distance back 
from the edge so as to reduce the size of opening. This method is rather 
crude, especially if proper working clearance is to be maintained. 



Fig. 39. — Perforating die, holder {A) with guide pins and with interchangeable die 
sections (D) wedge-clamped into place, cam-actuated stripper (B) riding on guide 
pins and fitting punches closely, and clamp type sectional punch holders (C). 


It is noted in some cases that blanks pushed through the die, notably 
radio condenser plates, are slightly buckled, the trouble being overcome 
by blanking against a spring pad, returning the parts to the surface of 
the die and carrying them off in the scrap, or by using harder temper. 

The act of shearing may be completed before the punch has pro- 
gressed a quarter of the way through the metal or not imtil it is all the 
way through, as shown at H and F in Fig. 21. This depends upon the 
ductility and clearance. If the blank is to be lifted out of the die there 
is no need of going farther than enough to shear. In most cases, how- 
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ever, the blank is pushed through and the stock is slid across the face of 
the die. Accordingly the punch must enter the die slightly so that it 
will not leave the blank protruding. Many types of presses stretch or 
deflect as the working pressure builds up, owing to the elasticity of the 
materials of construction. If the push-through load is large, the 
deflection must be compensated for by setting the punch to enter farther 
into the die under no load conditions. Of course, if the deflection of the 
press is not in a straig|;it line, so that the small clearance between the 

punch and die is lost, the cutting edges 
will strike and wear or chip. 

Strippers and Ejecting Mechan- 
isms. — After the punch has gone down 
through the metal it must be pulled 
back, and in this it is found that metal 
tends to hug the punch very tightly. 
It will be noticed in sketches F and 
C, Fig. 21, that the top stratum’^ of 
the metal being sheared is pulled 
down plastically in tension alongside 
of the punch. When the strains in 
it are released by the fracture, it tends 
to spread out, and the raw edge is 
under pressure gripping the punch as 
the effort is made to withdraw. For 
this reason the punch should be 
(d) dowels, (e) guide ground smooth, and even lapped or 
(standardized), (/) polished lengthwise in extreme cases. 



Fig. 40. — A follow type perforating 
die with parts labeled: (a) punches, 
(6) punch holder, (c) punch plate 
(standardized), 
pin bushings 


guide pins (standardized), (g) punch Pqj. reason also many punches are 
^de bushings, (it) fixed Stock guide, Stripping when the punch 

(i) feeding space, (j) spring guides, . , . x i xu- f 

(k) stripper plate (fixed), (1) die, (m) diameter IS close to the metal thickness. 

die base (standardized), (n) number punches and punch holders must 
and name plate. be arranged so that they cannot pull 

out on the up stroke. 

To strip the metal off from the punches as they rise, strippers of 
various sorts are provided. These strippers are plates having suitable 
holes or openings through which the punches pass. Fixed strippers, 
Fig. 40, are attached to the die holder at a sufficient distance above the 
die surface to permit free handling of the stock. Spring strippers, 
Fig. 33, are attached to the punch holder and operated with springs 
under considerable tension. The face of the spring stripper is normally 
flush with the punches, although a small clamp is provided at the side in 
Fig. 33 for convenience in die setting. Five to 12 per cent of the maxi- 
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mum shearing load may be taken as representative of normal stripping 
pressures on (large) round punches. Cam-actuated strippers {B in 
Fig. 39) are independently controlled from the press shaft and are 
timed to hold the metal under positive pressure while it is being punched, 
as well as to strip it from the punches. 

Several forms of ejecting mechanisms are used to force out of the 
dies, blanks which are not to be pushed through, thereby performing a 
service similar to that of strippers on the punches. Where the service 
is light, springs may be used, but where considerable pressure or special 
timing are required, fixed or cam mechanisms are employed. For dies 
on the press bed the mechanism is described as a lift-out and includes a 
cross-bar under the bolster-plate of the press directly connected to the 
slide by rods through the bolster-plate, or it may be a bell-crank under 
the bolster driven from a cam on the end of the press crankshaft. If 
the die is inverted on the slide, the mechanism is a knock-out and is 
operated by means of a cross-bar through the slide from fixed points on 
the frame, or it may be actuated by bell-cranks on the slide, carrying 
rollers which ride against cam pieces attached to the frame. 

In the dies, the knock-out, lift-out or stripper takes the form of a 
plate fitted in the shape of the die or around the punches. If the plates 
are spring actuated. Fig. 36, the springs and the screws which limit the 
motion of the plate are contained right in the die or punch assembly. If 
the plates are actuated by an outside mechanism fonning part of the 
press, the impulse is received through pins which pass through the holders 
and slide or bolster plate. 

Guiding Devices. — The position of the material to be punched, 
relative to the die, is controlled on the simplest dies. Figs. 33 and 36, by 
the eye of the operator. As the speed of operation is increased and the 
amount of scrap or waste metal is reduced, mechanical means of location 
including various guides, gauges and pilots are required. 

Guides to keep strip material in line with the dies may be strips along 
the dies, wire loops or wickets at each end of the dies, or strips or 
hardened rollers in the feeding mechanism. In some cases, where only 
a small margin of scrap is left, one guide on the die is fixed and the other 
is backed by springs to hold the strip material against the fixed guide, 
as in Fig. 40. The perforating die in Fig. 39 requires no guides as pro- 
vision is made for this function in the table and grippers belonging to 
the feed. 

Gauges for the location of previously blanked and/or formed work, 
and stop pins to limit the hand feeding of strip material, usually take 
the form of hardened pins set about the die. It is often necessary to 
arrange to prevent slivers of stock getting under the edge of these pins 



50 


SHEARING METAL IN DIES 


or gauges, a troublesome thing especially likely to occur when a gauge 
is right at a cutting edge. 

Pilots are used in many follow-dies, repimching and progressive 
operations to correct slight inaccuracies in location of the work. The 
pilots are bullet nosed or acorn shaped, and for a short distance, equal 
to the metal thickness or less, are straight, to fit closely the previously 
punched hole used for location. Where the pilot is placed in the face 
of a blanking punch there is a tendency for the blank to stick on the 
pilot and go up with the punch. This is opposed by the natural tendency 
of the blank to stick in the die, but clearly such a pilot must not fit the 
hole as tightly as is possible when the pilot is independent of the blank- 
ing punch and can have a stripper to shed the metal, as in progressive 
operations on strip material. 

Before proceeding to the discussion of the specific types of dies 
belonging to the shearing group, we may note several possible arrange- 
ments of die steels. In Fig. 33 the die steel is all in one piece screwed 
on top of a simple base plate, from the back. In Fig. 34 the die steel is 
in one piece but is set into an accurate counter-bore in the die base, 
being thereby located correctly with respect to the punch. Every 
device to assist in obtaining accurate location and close workmanship 
is of importance when the metal is thin. In Fig. 36, the die steels are 
in many short sections fitted together and screwed into stiffly ribbed, 
cast-iron holders to prevent deflection under the back thrust in opera- 
tion. A composite steel made up of tool-steel facings welded onto 
lower-carbon backing pieces are used on many lafrge dies of this sort for 
economy. Smaller dies also are often built up out of small sections to 
minimize troubles from distortion in hardening the common die steels 
and to permit replacement of single sections which may become broken 
or chipped without replacing the whole die. For odd-shaped blanks, 
machining is often easier if the die steels are made in sections. 
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THE SHEARING GROUP OF PRESS OPERATIONS 

The operations which belong in the shearing group have been 
arranged in a somewhat arbitrary sequence as follows: blanking 
(including multiple blanking and progressive blanking), piercing and 
perforating, compound blanking and piercing, follow-die piercing and 
blanking, blanking and repunching, shearing, parting, notching, slitting, 
trimming, shaving, broaching, hot punching, the combination of shear- 
ing operations with other types of operations, and the use of hollow 
cutters and adjustable dies. 

Blanking. — Blanking is the cutting of shapes or blanks out of sheet 
metal. The die or female member is made to size, where exact size is 
important, and the clearance is taken off from the size of the punch. 
The face of the punch is ground flat, in order not to distort the blank, 
and any shear is ground on the die. Where the blank is very large 
compared to the metal thickness, warp or curvature in the sheet may 
result in measurable inaccuracy of shape even though the die is accurate 
and the punch is flat. 

The fact that the blank follows the shape of the punch, whether flat 
or otherwise, is used when it is desired to form the blank into any shallow 
shape while blanking it. Forming or plastic cold-working of metal 
takes place between its elastic limit and its ultimate strength. Shearing 
is essentially tensile failure at the ultimate strength. Consequently, if 
the face of the blanking punch has any convex contour, the metal will 
be stretched plastically to that shape before shearing occurs. Provision 
must Sometimes be made for holding the sheet while fonning in blanking. 
This subject will be discussed again with the drawing group of operations. 

Large pieces awkward to handle, such as the running-board guard, 
Fig. 36, are usually blanked singly from sheet material sheared into 
blanks of about the right size in a squaring shear. Many blanks, also, 
are produced from scrap left from the production of other parts and 
necessarily require separate handling. Such dies require oi^ly to be 
simple and free from obstruction, the gauging being done either by eye or 
with gauge pieces at the back of the die. 

Fig. 41 is an example of progressive blanking, or cutting one piece 

51 



52 


THE SHEARING GROUP OF PRESS OPERATIONS 


out after another in rapid succession, from strip or coil material. After 
each stroke of the press the strip ig advanced a distance equal to the 

width of the blank in the 
direction of feeding, plus an 
allowance for the desired 
scrap between blanks. This 
scrap allowance varies from 
nothing, where a little varia- 
tion in the outline and cross- 
section profile of the edge is 
permissible, to an amount not 
less than the metal thickness 
where the edge profile must 
be kept as square as possible, 
or to an amount slightly 
greater than the maximum 
variation or error in the 
length of advance in the case 
of mechanical feeding. 

The press in Fig. 41 is 
kept running continuously, 
or practically so; and in 
order to govern the distance 
the strip is advanced each 
stroke, an automatic finger 
gauge is provided on the press. As shown in Fig. 42 A, the finger drops 
through the last hole blanked in the strip at a point close to edge of 
the die. A cam on the press shaft raises and drops the finger after the 
blanking of each piece. Thus the 
operator has only to maintain a ten- 
sion on the strip and achieves prac- 
tically automatic feeding as the finger 
releases and catches the strip. 

A variation on this method is 




obtained by placing a fixed gauge pin Fig. 42.--For locating the strip in 
at the side of the die in a location progressive blanking, the cam-lifted 
“ gaug., » ^ 

shown in Fig. 42 B» The pm extends under a fixed stripper (cut B). 
above the die surface an amount 


slightly greater than the metal thickness. A fixed stripper is provided 
at such a height that the metal will clear the top of the stop pin in being 


stripped off the punch. The operator maintains a tension on the strip 


BLANKING 


53 


to the side and down so that at each stroke the band of scrap slides over 
the gauge pin while the solid metal stops against it. Occasionally the 
pin is set right up to the 
cutting edge and the thin 
scrap is broken instead of 
being lifted over the stop 
pin. 

In mechanical feeding 
no such stop gauge is neces- 
sary, as the ordinary roll 
feed advances the strip the 
desired amount between 
strokes. This should be 
qualified, however, as some 
continuously revolving type 
roll feeds, with roll relief, 
do use the finger gauge and 
imitate manual operation. 

A modification of plain 

progressive blanking, for 

the sake of economy of 

material, is illustrated in 

Fig. 43. In order to leave 1 1 i j j 

® P IG. 43. — rrogressive laanking down one side and 

a minimum of scrap the other side of a strip for metal economy 

strip is fed across the die with odd shapes. 

once as shown, then flipped 

over and fed back in the opposite direction cutting blanks out of the 
scrap. The same scheme may be developed, as shown at B in Fig. 44, 

by using a double die, the punches 
being placed so that one punches the 
shape, turned around, out of the scrap 
left by the other. It has been found 
that where the exact profile of an ir- 
regular shape is of extreme importance 
(as for accurate relocating), the double 
dies are difficult to make and maintain 
as exact duplicates. It is practically 
impossible to do so, where the dies have 
straight walls only part way down, 
and are ground down eventually 
below this straight portion. Such dies have been successful, how- 
ever, with straight walls all the way down, and the blanks not 



Fig. 44. — Economy of material in 
progressive blanking with a single 
die (A), a double die (B), and 
multiple blanking (C). 
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pushed through but returned to the scrap and carried out 
with it. 

The best economy of material can be obtained, for some shapes, 
only by arranging the blanks at an angle, as shown at A in Fig. 44. 
Other shapes will give the best economy only with a double die, or by 
running through twice, which gives the same result. Rounds and similar 
shapes give the best economy by staggering or interlocking the blanks 
in lines as indicated at C in Fig. 44. 

A die for the multiple progressive blanking of round discs for extru- 
sion, based upon the staggered arrangement (C) for maximum scrap 



Fig. 45. — A progressive multiple blanking die. For round blanks the material sav- 
ing is large as compared with single-row strips. 

economy, is shown in Fig. 45. Similar methods are used for the produc- 
tion of round blanks for electric motor laminations. These are cut 
five or six per stroke from full-width sheets with a saving in material of 
8 to 15 per cent over the earlier method of progressive blanking from 
single-width strips, and saving of the slitting operation. The die shown 
in Fig. 45 is built with separate bushings or rings set into the holder for 
each blank. This lowers maintenance cost and hardening loss due to 
possible breakage or distortion. The strip metal is guided between a 
fixed guide on the left and a spring guide on the right so that variations 
in width of strip may be taken care of with a minimum allowance of 
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scrap at the sides. The stripper plate rides on the same substantial 
guide pins used for the punch plate and is actuated by cams on the 
press crankshaft to hold the strip quite tightly during blanking. 

It should be noted, at B and C in Fig. 44, that the punches are not 
located in the closest possible adjacent* spaces. To^do so would make 
the dies too weak or the scrap allowance too great. Accordingly they 
are spaced apart as indicated, permitting in many cases the use of sepa- 
rate steels for each die. The problems of metal economy and die 
strength make multiple blanking without the progressive feature 
generally impracticable. 

Dies have been made for cutting a number of blanks out of a full 
sheet of tin-plate each stroke, but the dies were expensive and rather 
weak, and the scrap loss was unduly high. The best economy of 
material in cutting round blanks from sheets of tin-plate has been 
obtained by the use of a single die in a press arranged for stagger feeding 
and progressive scrap cutting. 

In large-quantity production with automatic feeds, plain blanking 
operations permit shorter press strokes than almost any other shearing 
operation and consequently permit higher operating speeds with 
economic tool life. This is providing the tools are accurately made and 
the press is amply stiff, of course. 

Hole Cutting, Piercing, Perforating. — In hole-cutting operations the 
metal punched out is the scrap. Consequently any shear must be on 
the punches, and the die must be flat in order not to distort the work. 
Shear on the individual punch is of little value unless the punch is large 
compared to the metal thickness, as in Fig. 46. Therefore shear, in the 
case of small punches, is usually obtained by stepping the punches, as in 
Fig. 49. This is of importance also when the punches are close together 
relative to the metal thickness to minimize the shifting of delicate 
punches due to crowding in the metal caused by adjacent punches. 
The die clearance for small punches should be relatively large, to 
reduce the stripping load. If the punch need enter only a quarter of 
the metal thickness, for example, to effect shearing, then each punch 
need be shorter than the next by no more than this, as illustrated in 
Fig. 49. If the punches are stepped more than the amount necessary 
to effect shearing and the clearance is ample, their progress through the 
metal will be a jerky series of loads and releases. It has been mentioned 
that, in punching small holes close to a large hole, especially in thick 
metal, the small punches should be ground shorter than the large punch 
to prevent deflection and chipping due to crowding. 

For ordinary purposes, holes smaller in diameter than the thickness 
of the metal should be avoided. Even then, careful polishing, a good 
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fillet under the flange, no sharp change in section and good guiding are 
essential to the life of the punches. A good deal of breakage on fine 
punches seems to occur or appear in stripping. The severity of both 
punching and stripping loads is reduced by increasing the clearance 
between punch and die to as much as a quarter of the metal thickness 
all around, on mild steel. 

When the diameter of the hole is important, its dimension becomes 



Fig. 46. — A hole-cutting die in which the die-base serves to locate the stamping. 

the punch diameter and the die is larger by twice the amount of the 
clearance. The reason for this is apparent in Fig. 21. 

Most separate hole-cutting and piercing operations are of a secondary 
nature. That is, they are performed on articles previously blanked or 
blanked and formed. Usually this is because holes pierced at the time 
of blanking would be distorted in the forming operation or would not 
come uniformly in the right place. Accordingly, provision must be 
made for locating or gauging the work. Thus, in Fig. 46, most of the 
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die base is a form over which the jacket fits for location. It is held 
down solidly in place by a spring-actuated stripper with wooden contact 
strips on the edges. The stripper is mounted on the punch plate. The 
die is made up of sectional steels screwed and doweled in place and 
shimmed up for regrinding to maintain the proper level. Four sub- 
stantial guide pins are used and are close fitting, as the metal is com- 
paratively thin. 

It is possible in piercing dies to arrange to punch simultaneously at 
different levels providing the formed parts are uniform in dimensions. 
This was done, for example, in perforating flange holes around the top, 
and a drain hole in the bottom of an automobile crankcase. A long- 
stroke press was clearly necessary. 

Some formed or drawn parts in which holes must be punched are of 
such shape that horn dies must be used. The horn may be a small and 
delicate affair, like that shown in Fig. 47, arranged for mounting on the 
press bolster, or it may be a large and substantial forging or casting 
mounted on the face of a suitable horning press. In the latter case the 
die is merely a tool-steel plate screwed and doweled on top of the horn. 
The more sustantial the horn, the better it is for the life of the die. 
In Fig. 47 the whole horn is the die and acts as a stripper too, as the 
shell to be pierced fits over it quite closely. We have seen horns as 
small as a diameter used in piercing the walls of small shells or 

tubes. 

In some cases the horns stick up vertically from the bolster plate, 
and punches, acting in a horizontal plane, to pierce the sides of drawn 
shells, are operated by means of wedge mechanisms from the press 
slide. 

Perforating is the punching of many identical holes in the sheet, 
blank or previously formed article. 

The simplest or crudest manner of perforating is by the use of a 
single punch under which the sheet is moved to a proper position for 
each hole. One method of doing the locating is to lay out the positions 
of the holes on the sheet, marking their centers with a prick punch. A 
boiler punch with a conical point in the center of its face for location is 
used in the press, and tli« plate is moved about so that the point cor- 
responds with each prick-punch mark in turn. Where the plate is 
heavy it may be supported on a two-way movable carriage. 

Another method of location for small-quantity production is to use a 
master plate with holes properly punched and crescent or semicircular 
gauges riveted at each hole. The master is clamped to the plate to be 
punched and is moved about, the. crescent gauges being brought tight 
against the punch or punch holder for each location. 
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In some cases the punch holders are arranged so that the punches 
can move vertically freely, each stroke of the press, without cutting. 
A gag is provided to slide back of the punch by hand and cause it to 
operate when desired. Such a scheme is employed with several punches 
of different diameters side by side in a common holder. These are used 
to pierce single holes of whichever diameter is desired, in structural iron 
work, etc. 

Fig, 48, showing a shaker top die, is a good example of multiple 



Fig. 47 . — A horn die for a piercing Fig. 48. — A perforating or multiple 

operation. piercing die for a shaker top. 


perforating. There are many operations in which all holes are pierced 
together in a single press stroke, the essential considerations being 
accurate relative location of holes in the punch holder, stripper and die 
after hardening the die, and usually a good fit in the stripper to support 
the delicate punches. 

Most multiple perforating however, is done progressively with 
mechanical feeds. Fig. 39, in the preceding chapter, showed a die 



Fig. 49. — Perforating punches stepped 
sufficiently to avoid crowding. 


arranged for perforating up to forty- 
two ^-in. square holes each stroke 
of the press, a feed being arranged 
to advance the sheet for any number 
of rows of holes up to about forty 
per sheet. To change the number of 
holes per row, more or less punches 
were left out. All the punches were 


ground to the same length but arranged in the holders to give a stepped 
effect for shear in line with Fig. 49. Some of the feeds for progressive 
multiple perforating shift the sheet right and left as they advance it, 
to give a staggered effect to the perforations. Others gag alternate 
punches, all the way across, in or out simultaneously for the same effect. 

Indexing feeds, for cylindrical or conical shapes or flat discs, rotate 
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the blank the proper number of advances, piercing one, two or more 
holes per stroke of the press. The details of such feeds are important 
but will not be discussed here. All such equipments have the common 
characteristics of clamp- 
ing the blank centrally, 
accomplishing a pre- 
determined number of 
strokes and stopping. 

Conical and cylindrical 
lamp burner-shells, 
conical colanders, cir- 
cular ornamental plates 
and the larger motor 
laminations all come in 
this category. 

Compound Blanking 
and Pimching. — Com- 
pound dies which blank 
out a shape and pierce 
the holes in it simul- 
taneously afford the 
most accurate method 
of obtaining pierced blanks, though not the fastest. 

The compound die is regularly an inverted type. The blanking 
punch, made to include the piercing dies, is on the bottom so that the 
scrap punched out of the holes will be pushed through and fall out 

under the bed of the press. The 
blanking die, having the piercing 
punches mounted in its holder, is on 
top, mounted on the slide of the press. 

The sheet scrap is usually lifted 
off the punch (bottom) by means of 
a spring stripper, the springs being 
either under the bed of the press with 
pins up through the bolster as in Fig. 
50, or in punch base itself as in 

Fig. 61. — ^A compound die for blank- 

ing and piercing a amall gear. The blank tends to stick in the 

die and go up with it. Accordingly, 
spring strippers may be provided to deposit the blank in the scrap if 
the metal is fairly thick relative to the size of the blank, or on top of 
f scrap if it is relatively thin and tends to warp, in either of which cases 




Fig. 60. — A compound die for a motor lamination, 
disassembled. 
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the blank and sheet scrap are removed together. Or the blank may be 
allowed to stick in the die until the slide approaches top stroke, when 
it is stripped out by means of the cross-bar knock-out in the slide. In 
this case the press is usually operated inclined to the rear so that the 
blank will fall back more or less clear of the die, while the sheet and its 
scrap are moved across the surface of the die. If the blank does not 
fall back fast enough, an air jet, or in some cases a spring trigger, may 
be used to snap it back. 

The compound die shown in Fig. 50, producing the rotor lamination 
Ef is disassembled to show the component parts. The cutting steel 
of the part A acts as blanking punch and also as die for the center 
opening and the three small round holes. The sheet scrap is lifted off 

this blanking punch by the close-fitting ring Z), 

actuated by springs under the press-bed. The center 
scrap instead of being pushed through, as is more 
usual, is returned to the surface by the stripper plate 
also actuated by the springs under the press. The 
top plate C carries the blanking die, the center punch 
^ three hole punches. The blank is stripped 

w ^ out of it by the spring stripper plate F. 

^ ^ The running board die shown in Fig. 36 is ot the 

compound type and pierces nine small holes as it 
Fig. 62. — In cutting blanks. The die shown in Fig. 51 blanks a small 
part blanks, delicate gear, punches the center hole absolutely concentrically 
punches deflect and returns the gear to the scrap to be carried out. 

the die edges. Shear may be applied to blanking dies and piercing 

punches. Clearance allowance may be taken off the 
sizes of blanking punches and piercing dies. In both cases the com- 
ments are the same as apply to simple blanking or piercing tools, but 
the function of the particular part must be kept in mind. In 
the case of the lamination die, Fig. 50, the metal is so thin and hard 
(0.014 in. silicon steel) that the difficulty is to keep the clearance small 
enough (under 0.001 in.) and the pilots close fitting enough to keep 
this clearance centralized. 

It is extemely important, in both this and the following type of 
dies, to prevent cutting “half blanks.^^ This is liable to occur in blank- 
ing from strip material, if care is not taken to avoid it at the ends of 
the strips. Thus as illustrated in Fig. 52, if a delicate punch strikes 
midway on the edge of a strip, there is a decided side thrust which 
bends the punch, destroying its proper clearance and causing it to 
strike against the die edge, either chipping or wearing materially. 
Fig. 52 is somewhat exaggerated for emphasis, but it has often been 
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demonstrated that the cutting of occasional part blanks with fine 
punches lowers the life of the die to as much as a third or a quarter of 
what might properly be expected of it. 

Follow-Die Piercing and Blanking. — The principal alternative 
method of producing pierced blanks is to use what is known as the 
follow-die, Figs. 40 and 54. As shown in Fig. 53, the holes are pierced 
first and then the strip is advanced to a proper location under a blank- 
ing punch and the blank is cut out. 

As both the hole scrap and the blank are pushed through the die, the 
press strokes are shorter and the operating speeds are usually mate- 
rially higher than in the case of compound dies which must dispose of 
the blank above the die surface. But as the blanking and the piercing 
are done separately, mechanical means of getting the proper location 
must be employed, and in this there is room for error which does not 
enter in the case of 
the compound die which 
blanks and pierct. s each 
blank simultaneously. 

When follow-dies 
are used, the strip may 
be fed by hand, using 
a finger gauge or stop 
pin as described in con- 
nection with Figs. 42 A 
and B to stop it with 
the pierced hole in 
about the right position relative to the blanking punches. It is 
becoming more and more common, however, to use mechanical feeds 
which advance the metal approximately the correct amount between 
the piercing and blanking stations. In either case there is likely to 
be some inaccuracy in the location of the pierced holes in the blank, 
to correct which pilots are used. 

As illustrated in Fig. 54, these pilots are placed in the face of the 
blanking punch (54 B) or in an intermediate position between the pierc- 
ing and blanking stations (54 A), The pilot may be bullet nosed, 
acorn shaped or like the frustum of a cone. It enters the previously 
pierced hole and shifts the strip to the correct location. Consequently 
there must be sufficient taper on the sides of the pilot to compensate 
for the greatest possible error in location. Also there should be a 
straight portion on the pilot for the final location equal in length to 
say half the metal thickness, or more if the metal is hard or scaly so 
that it subjects the pilot to considerable wear. 
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Placing the pilot in the face of the blanking punch, Fig. 54 5, is the 
commonest practice, but necessitates the pilot being a loose enough 
fit in the pierced hole so that the blank will stick in the die and not on 
the punch. By using an intermediate position (Fig. 54 A)j the pilot 
can be a closer and more accurate fit as it has the benefit of the stripper. 
In this method, however, the last blank on each strip goes unpiloted so 
that its greatest application is for coiled metal of considerable length. 

Where sufficient scrap is left anywhere around the blank it may be 
utilized for pilots of the type shown in Fig. 54 A . In this case the 
advantages of separate pilots are available without the disadvantages 
of having to have an intermediate position for piloting. The pilot 
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Fig. 54. — Follow dies for progressive piercing and blanking, with an independent 
pilot (A), or a pilot in the blanking punch (R), to correct the strip location. 


holes are punched with the other holes at the piercing position, and the 
pilots are located beside the blanking punch at the blanking position. 

In timing follow-die operations in mechanical feed presses, it is 
usual to allow the upper half of the stroke for feeding. Then at mid- 
stroke the nose of the pilot must clear the strip. Consequently (the 
lower) half of the press stroke equals the length of the pilot, plus a small 
allowance for clearance, plus the metal thickness, plus the amount the 
punch enters the die, which depends upon the shear or stepping of 
punches, and the spring of the press. The length of the press stroke 
is one of the principal factors in determining speed of operation. Ac- 
cordingly, where high speed is desired, the pilots must be kept as short 
as is practicable. 

It is possible to pierce and blank two or more pieces out of the same 
strip, in multiple follow-dies, as indicated in Fig. 53. It is also possible 
to perform three or four consecutive piercing and blanking operations in 
follow-dies. Then pilots may be used just at one station in the case of 
coiled material, or at the second and last stations in the case of 8- or 
10-ft. strip material. 

In hand feeding to a gauge, in order to have the first blanks pierced, 
it is necessary to provide manually controlled gauges to stop the strip 
in the correct positions on the first two or three advances, before it 
reaches the automatic gauge. 
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Blanking and Repunching. — One other method of producing pierced 
blanks is worthy of note. It is used largely on fairly complicated 
blanks, as illustrated in Fig. 55, where the die sections would be too 
delicate and the crowding too severe for a compound die, and where the 
accuracy required or the difference in direction of shearing is considered 
to be against a follow-die. 

The outline is blanked in a simple blanking die, from strip material. 
The piece is then located in a gauge or nest, and the narrow slots and 
holes are punched in a simple piercing die relieving the delicate punches 
of considerable strain and separating them in upkeep from the huskier 



Fig. 55. — Blanked progressively, then located to gauge for piercing. 


blanking die. In some cases where the small holes are very close, two 
repunching operat ions are employed. 

Shearing, Parting, Notching. — The characteristics of these three 
classes of operations, as distinguished from those just discussed, are 
principally in the matter of balance and the results of the side thrust 
due to the compressive stresses in the metal. Shearing is cutting on a 
single line, usually a straight line. Parting is cutting simultaneously 
along two parallel lines or at least two lines which balance each other in 
the matter of side thrust. Notching is really blanking, unbalanced, in 
that it is cutting around only three sides (usually) of a punch. 

It will be noted in shearing that secondary shearing and jagged 
fractures, Figs. 21 and 23, are ordinarily absent. This is because the 
metal is free to move away from the cutting edges in both directions 
and the fractures meet. 

Fig. 56 A illustrates the natural tendency of a free piece of metal to 
tip as it is being pinched between two shear blades. At the resultant 
angle the compressive stresses balance on the two faces of each shear 
blade, during the. plastic deformation ^riod between exceeding the 
elastic limit and fracturing. See also Fig. 26, showing the stresses in 
blanking. 
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In squaring shears, however, one part of the metal is held down 
flat by the clamping bar. The other part, as shown in Fig. 56 Bj bends 
down to equalize the compressive stresses on the under face of the moving 

blade and the side face of the fixed 
(lower) blade. Instead of being 
square, the under side of the mov- 
blade is sometimes finished at an 
^^Sec.X^X angle as illustrated. This shape is 
described as ‘^rake’' and reduces 
" I bending by a small amount 

(equal to perhaps half the angle). 
Blades which do not have rake are 
ground square and may be reversed 

Pig. Sa-EHstortion in shearins; unre- 

strained (A), with one hold-down and , ? ^ , o n 

rake on one blade (B), and due to angle have to be reground. 

of shear of upper blade (C). One blade of a squaring shear is 

regularly set at an angle with the 
other. Fig. 56 C. This reduces the working pressure as discussed in 
connection with Figs. 28 and 29 a but causes a progressive bending which 
is exaggerated for illustration. If a long narrow strip is sheared from 


the edge of a relatively thick piece of 
sheet metal it receives a considerable 
permanent twist. The twist is the result 
of the two bending actions, Fig. 56 B 
and C. A similar distortion is present 
in the edge of every sheet sheared off 
in a squaring shear, though it is less 
apparent in wider sheets because the 
straining occurs just at the edge. 

A shearing die has the same charac- 
teristics as a squaring shear, and if the 
blades must be at an angle the edge of 
the blank will be somewhat distorted. 

If the load is not too great the blades 
may be parallel (without shear), as in 

Fig. 57. In some cases, too, spring pja. 57._Progre8sive piercing and 
plates may be provided opposite both shearing off, advancing by hand to 
upper and lower blades to prevent the a stop. 



bending (56 B). 

Where the load is large, t&e blank may be sepamted from the strip 
by parting out a narrow strip of scrap about as shown in Fig. 58 E, 
The punch is a narrow blade shearing on both edges and may have any 
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angle of shear as it distorts only the scrap piece. Parting dies are quite 
widely used in producing articles from narrow band strip, and to some 
extent for wider sheet. Such dies, as indicated at D and J5, Fig. 58, 
usually serve the double purpose of separating and notching or outlining 
the end of the strip or blank. 



Fig. 58. — Shearing (A), shearing and notching (R), double shearing ((?), piercing 
and parting (/)), parting and notching (R), notching (F) — all being progressive 

operations. 


In both shearing and parting dies the length of the piece to be 
produced is usually determined by feeding to a stop {S). Piercing 
operations can be combined with either shearing or parting as illustrated 
in Figs. 57 and 59. To have the piercing punches stepped shorter than 
the parting or shearing punches by an amount not less than the pene« 
tration to effect shearing, is even more 
important in these cases than in follow- 
dies as the side thrust in the metal is 
unrestrained by any scrap. 

The effect of the crowding action in 
the metal is apparent again in progres- 
sive notching. Note at F in Fig. 58 
that in notching one side of a narrow 
strip the metal on that side is spread 
and a considerable curvature results. 

The same effect is apparent in blanking 
down one side of a strip, reversing it 
and blanking down the other side, as 
in Fig. 43. The strip is bowed very 
materially, its length being increased 
along the side where the first row of blanks is cut, and the condition 
is corrected when the second row is blanked. 

Fig. 58 A. represents an application of progressive shearing. The 
metal is fed continuously against the stops {S) and the descending punch 
cuts principally along its right-hand edges. This unbalanced shearing 
creates a considerable side thrust tending to move the punch to the left 



Fig. 59. — A progressive piercing and 
parting die. 
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and the die to the right. To overcome this tendency it is good practice 
to provide substantial pilots as in Fig. 57, or to make the stops (SS in 
Fig. 58 extremely substantial and finished off, so that they can serve 
as a backing for the punch. 

A double shearing die for producing two blanks of simple shape, 
each stroke of the press, is shown at B, Fig. 58. One blank is pushed 
through the die and the other slides off the top. The die for producing 
two spoon blanks per stroke, as shown at C, combines notching and 
shearing and is a little more elaborate though somewhat similar. 

Slitting. — Slitting operations though often along single lines, are 
usually more akin to blanking than to shearing and have some features 





Fig. 60 . — Three types of slitting operations with different characteristics. 


all their own. Clearance, depth of penetration, lost motion in the press 
and spring of the press are of extreme importance. 

Fig. 60 shows plans and section elevations of three types of slitting 
operations. At A is illustrated slitting to fracture for a desired length, 
neither more nor less, as in one method of producing metal lath. Pro- 
gressive slitting of scroll strips is illustrated at B. And the slitting of 
knock-outs for electrical conduit boxes, shaker-top cans, etc., is illus- 
trated at C. 

Most presses spring or stretch somewhat because the materials of 
which they are made are elastic (which is fortunate). The gap or C 
frame presses spring considerably because the center of gravity of their 
frame sections is always quite a distance back from their working center 
lines. But note that as the load builds up in a shearing operation the 
press stretches proportionately until the point of fracture of the blank 
is reached. Then if there is no shear on the dies and if there is ample 
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clearance, the fracture is sudden, releasing the load and allowing the 
press to snap back to normal and beyond. That is why it is often 
necessary to set the punch to enter the die an appreciable distance under 
no load conditions to effect shearing at all. 

Clearly a springy press would not give uniform results on operation 
GOA. As rigid a machine as possible should be selected, and even 
then it is likely to be desirable to provide contact faces in or beside the 
die to insure consistency in the depth of entry regardless of variations 
in lubricating films, or in thickness and hardness of material, etc. In 
using such contact faces, it is necessary to use care in setting dies and 
it is usually necessary to provide a press of somewhat greater capacity 
than would otherwise be required. 

Progressive slitting, Fig. 60 J5, is like progressive shearing in a 
squaring shear. The upper blades are at a considerable angle of shear 
and do not quite enter the metal at the end of the stroke on the high 
end of the blade or punch. The blades are longer than the distance 
advanced each stroke, so that there is an overlap, and each new cut is 
started from the end of the last cut. A rigid machine is desirable, but 
spring is not so important as in the last case because there is no sudden 
shock or release. It is desirable to pilot the metal in progressive slit- 
ting, so that each new cut will line up exactly with the end of the last 
cut and not leave a sliver. 

In shtting knock-out tabs, Fig. 60 C, the conditions are very similar 
to those in case A, especially if the punches are flat. The hit-home 
principle will prevent over-travel but requires careful die-setting in 
order not to strain the press. If considerable shear is used on the 
punches, the load is easier and more gradual, but it is still important to 
prevent over-travel due to variations in metal or temperature, etc. In 
this case also the tabs are more seriously distorted and not so easy to 
push back tightly into place, a job usually done by springs of suitable 
capacity. 

In any case, if there is sufficient clearance for a clean fracture and 
the die-set is closely piloted so that the clearance will remain equally 
spaced, there will be no ragged secondary shearing (to prevent the tabs 
going back properly), and it is not necessary to penetrate so far to 
obtain the fracture. On thick material, tapered punches are sometimes 
used to open up the hole so that the tab may be pushed back absolutely 
flush. 

Trimming. — The trimming of previously drawn or formed or forged 
parts, etc., is closely related to either blanking or shearing, and is neces- 
sarily a secondary operation requiring the separate handling of each 
piece whether by hand or mechanically. 
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When shells, shallow or deep, are drawn with a flange, the outline 
of the flange is always more or less irregular on account of the drawing. 
To trim such flanges to a regular outline the die is quite similar to a 
blanking die, though with some provision for locating the shell. Thus 
in Fig. 61 the motor oil pan is dropped into the shape formed by the 
inside of the die steels (at the right). The trimming is done on the out- 
side edge of these steels. Two wedge-shaped or knife-edged scrap 
cutters are set into the holder on the long sides. The scrap, as it is 
trimmed off, is pinched between these scrap cutters and the face of the 
punch steels, separating it into two pieces so that it is easy to remove. 



Fig. 61, — Automobile oil pan trimming die with wedge scrap cutters. 

The punch plate, at the left, has eighib spring pins set into its face to 
strip the pan out of its steels. 

In some cases, shells are drawn with a narrow flange and it is 
desired to trim off all the flange by pushing the shell through an ordinary 
blanking die, as illustrated in Fig. 62. The trimmed flanges may be 
stripped off the punch with an ordinary spring stripper, or allowed to 
accumulate and to break up against wedge scrap-cutters as shown. The 
cross-section appearance of edges trimmed in this manner is indicated 
at B. In an effort to correct this, such shells are sometimes pushed 
through an ironing die, but the results (62 C) are usually not especially 
satisfactory. 

To trim the edges of straight-waUed shells square, whether they 
originally had a flange or not, there are several methods. 
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The simplest from the die standpoint, and the slowest, is to put the 
shell over a horn die and shear down on the edge, turning the shell say 
four times to complete the operation. It is almost impossible, how- 
ever, to make such cuts join up exactly. Notching operations may, of 
course, be combined with the trimming on such 
horn dies. 

There are two methods of trimming drawn 
shells (usually flangeless) in dies, which give 
square edges and a continuous cut without 
joint marks. Both are based upon setting the 
shell into a flat die which fits it at the trim- 
ming level, then bringing another die down in- 
side the shell to the same trimming level, and 
imparting a sidewise motion to one of the dies 
in several directions from the neutral center 
to shear off the scrap all around. The prin- 
ciples are illustrated in Fig. 63. Note that 
there is usually a floating filler piece inside the 
shell being trimmed, to control the trimming 
level closely. Note also the pins around the 
inner (upper) trimming die to maintain the trimming die 

exact relative shearing level of the inner and ^ 
outer dies. These pins are ground with thfe ^ jr^ned after trimming 
surface of the inner die, and slide upon the (C). 

flat-ground top surface of the outer die. 

Fig. 64 illustrates one method, the patented Brehm trimming die, 
having three wedges at 120"^ to each other, and a spring-mounted outer 
die with corresponding wedges at suitable levels. The shell is dropped 
into place and the press slide descends, centering the inner die and then 





Fig. 63.— The shearing action of the dies shown in Figs. 64 and 65 'which give a 

smooth square edge. 


carrying the outer die down so that its wedges impart to it, in succession, 
sliding motions in three directions to effect shearing all the way around. 

The other method is to use the Flat Edge Trimmer, Fig. 65, which 
acts upon the same principles as illustrated in Fig. 63, except that the 
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inner die is held down at the shearing level by long dwell cams and a 
four-directional shearing movement is imparted to the outer die 



Fig 64. — The Brehm patented wedge action trimming die. 

automatically by mechanism built into the bed of the machine. This 
makes the dies very simple by comparison. These dies are often 



Fiq. 06. — Shear action dies in the ‘^Flat Edge Trimmer"’ may combine notching or 
hinge cutting with trimming. 

arranged for cutting slots, notches, tabs, and hinge lugs at the same 
time that they trim the rest of the edge. 

For plain circular trimming of drawn shells there are alternative 
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methods employing machines other than presses. Thus flanged shells 
may be trimmed in spinning lathes, Fig. 66, with cutters such as those 
illustrated in Fig. 113. This is usually done in connection with curling 
or wiring operations, and the direction of trimming must be watched in 
order to favor curling, which will be discussed in Chapter VI. 

Straight-walled shells may be trimmed in a lathe with a regular 
parting tool, which is likely to be comparatively slow. Or they may 
be trimmed in revolving 
spindle machines with a 
circular cutter which is 
moved in to shear against 
a corresponding cutting 
edge on the chuck inside 
the shell. This is usually 
done in connection with 
curling, thread rolling, bead- 
ing or similar operations. 

Returning to dies for 
trimming, the principle of 
wedge operation is often 
applied to making simulta- 
neous horizontal cuts. 

Thus, in Fig. 67, the two 
sides of a casket end are 
trimmed by “shear blades 
moved in by wedge surface 
at each side and returned 
by springs in the die base. 

The fixed shear blades are 
attached to the under side 
of the form which locates 
the stamping. A spring 
pad on the punch plate 
holds the stamping down. 

Instead of being made as shown, the wedges attached to the punch 
plate often take the form of large pins which first enter the die plate as 
guide pins. Their inside surfaces are slabbed off to wedge shapes. 
The fact that they are entered before the wedge action starts, balances 
all back thrust in the die plate and prevents any tendency to shift. 

The floating die is another ingenious method of trimming opposing 
edges simultaneously. The die shown in Fig. 68, for trimming both 
sides of a fender together, is an interesting illustration of the principles, 



Fig. 66. — Spinning lathes may be equipped to 
trim and curl the flanges of round or oval shells 
and possibly burnish the bodies at one set-up. 

See also Fig. 113. ' 
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The pad over which the fender fits is carried on four substantial guide 
pins and floats above the die base on heavy springs. There are corre- 



Fig. 67. — A wedge-action die for 
trimming both sides of a casket end 
simultaneously. 


spending sets of sectional trimming 
steels in both the punch plate and the 
die base which shear against opposing 
steels on the top and bottom edges of 
the floating pad. Three spring pres- 
sure pieces each, on the punch plate 
and die base, 'hold the fender tight 
against the floating pad while the 
shearing takes place. 

Trimming Forgings. — Forgings pro- 
duced hot in presses or hammers are 
ordinarily produced with a ‘ ' flash or 
margin of excess metal which must be 
trimmed off. The trimming may be 
done by the hammer man or by a 
helper, while the forging is still hot, or 
it may be done separately after the 
forging has cooled. Small forgings 
are always trimmed cold because they 
will not hold the heat. Otherwise it is 


a question of quantity in production or shop methods and equipment. 
For the steady-production press-forging hnes where the hot parts pass 


at a constant rate from 
one machine to the next, 
efficiency favors hot trim- 
ming, but otherwise in 
quantity production, it 
ordinarily favors cold trim- 
ming. 

In either case, the dies 
used are usually simple and 
rather crude looking. As 
illustrated in Fig. 69, they 
usually consist of more or 
less standardized holders 
with die steels bolted or 
clamped on top of them. 
The dies may be of the 



closed type, as shown at the right, which is common to cold trimming 


and some hot trimming. Or they may be open at the front, as shown 
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at the left, in order to trim the flash only and leave the end of the 
bar or the tong grip attached to the forging for handling purposes, 
if the forging is to be re-struck after trimming. In this case the 
holder is of the bridge type so that the forging may be pulled out to 
the front of the press. In this case, also, the tong grip must be 
sheared from the forging separately in the side shear of the trimming 
press, after the re-striking. 

The dies are made flat without shear or rake and have a clearance 
angle in the hole of about. 7°. For convenience in making and to take 
up wear, they are usually in two pieces as shown. The clearance 

in. to Vie in. on a 


1 1 \ 


Punches 
Forgings 
Die Steels 
Holders 
Flash 







Open Die 


Closed Die 


between the punch and die is regularly around 
side. The punch may be merely a 
flat pusher, as shown at the left in -jQ — 

Fig. 69, if the forging is nearly 
straight walled (forging clearance 
only); or it may be shaped to fit 
the forging and support the flash 
to some extent, as at the right. The 
punches are dovetailed into the slide 
on most of the larger trimming 

presses, but can also be held in place _ . , , , , 

by a punch stem, especially on the 
smaller gap frame presses often used forgings, 

for cold trimming. 

It is reported that duraluminum’^ forgings cannot be trimmed 
cleanly in ordinary dies but require that the flash be pinched off between 
knife-edge blades. 

Shaving and Broaching. — Shaving is trimming or squaring up sheared 
edges by removing a thin shaving of metal. Broaching is the same 
process applied to the finishing of more extensive surfaces, as the inside 
and outside of cast bushings, holes through forgings, etc. 

These two press operations only, are closely related to the metal- 
cutting processes of machine tools. The rake and clearance of the cut- 
ting edges are or should be closely related to similar surfaces in the 
shapes of milling cutters, planing tools, etc. More often, however, 
especially for irregular shapes, die shaving edges are made square as in 
blanking dies, rather than sharp as in cutting tools, on account of diffi- 
culties in regrinding and holding to size. 

Shaving operations are employed on the contact surfaces of blanked 
gears or cams, on straight knurled edges, fits or bearing surfaces (holes), 
etc. The sheared edge of the blank, before shaving, is rounded over 
at the top owing to the ductility of the material and is undercut or 




74 


THE SHEARING GROUP OF PRESS OPERATIONS 


ragged at the fracture, Fig. 21. It may be squared up roughly by 
shaving once, allowing for the shaving of 0.010-in. medium mild steel 
about a tenth of the metal thickness. The shaving allowance may be 
larger for thinner material and should be relatively less for thicker or 
softer material. For a more accurate job and especially for soft metal 
the piece may be shaved two, three or more times, removing less and 
less metal per shave. For extremely fine finish a round-edged burnish- 
ing die or punch, say 0.001 or 0.0015 in. tight, may be used. The finish 
which this gives is usually better than a machined surface. Table IV 
is taken from the standards of one large manufacturing concern whose 
practice is limited to one or two shaving operations on metals up to 
Ke iii- thick. It is possible, of course, to shave materially heavier 
metal as well as extremely thin blanks. 

Table IV 

APPROXIMATE SHAVING ALLOWANCES 


The amount of metal to be left on each edge of a blank or each wall of a hole to 
be shaved. Therefore double these figures for allowance on a diameter. {Courtesy 
National Cash Register Co.) 


Thickness of 

If Shaving only 

If Shaving Twice 

Metal, Inch 

Once, Inch 

First Shave, Inch 

Second Shave, Inch 

0.035 to 0.045 

0.005 

0.005 

0.004 

0.049 to 0.056 

0.006 

0.006 

0.004 

0.058 to 0.064 

0.007 

0.007 

0.004 

0.072 to 0.087 

0.008 

0.008 

0.005 

0.089 to 0.096 

0.009 

0.009 

0.005 

0.098 to 0.105 

0.010 

0.010 

0.005 

0.109 to 0.125 

0.012 

0.012 

0.006 

0.135 to 0.140 

0.014 

0.014 

0.006 

0.146 

0.015 

0.014 

0.006 

0.156 

0.017 

0.016 

0.006 

0.182 

0.018 

0.016 

0.007 

0.188 

0.020 

0.018 

0.007 

0.200 

0.025 

0.018 

0.007 

0.220 

1 0.025 

0.020 

0.007 

0.3125 

0.025 

0.022 

0.007 


Most shaving dies are made quite like blanking or piercing dies, 
though if both a hole and the periphery are to be shaved together, 
ocHnpound dies, Fig. 51, are the pattern. There should be little or no 
^dearainee between the punch and die and ordinarily no shear on ditimt 
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the punch or the die. Accurate and close-fitting gauges or nests are 
required, one gauge (of three) pivoted in some cases to permit easy 
removal of scrap. Often the blank may be pushed through the die and 
the scrap carried up on the punch to be stripped off near top center 
where it can fall or be blown back. Similarly in shaving holes, the 
scrap may be pushed through and the blank raised on the punches to 
be stripped at top stroke and disposed of. 

For shaving comparatively thick material one concern uses a vibrat- 
ing type machine which it terms the jigger press. It has a special 



double cam drive which gives a rapid succession of short advances and 
dwells, and is claimed to eliminate an angular fracture and ragged edge 
at the end of the cut. This is diflScuIt to account for theoretically, 
though the trouble may have been explained by a retarded down-travel 
or by previous use of too springy a press or too much clearance between 
the punch and die. It is important to use a stiff press, preferably of the 
straight-sided type, and close-fitting guide pins in the die shoes for 
phaving operations. 

Broaching is really multiple shaving, taking off a number of cuts with 
the same punch or die by means of stepped cutting edges. These edges 
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are often shaped in profile, more like the flutes of reamers or milling 
cutters, than Hke blanking dies or punches. Broaching machine tools 
are pushed only one way through the work. Piercing punches are 
pushed through and pulled back through the metal. Broaching punches 
may be pushed through by the press and returned by hand as in Fig. 70, 
or pushed through and also pulled back through the work by the press 
as in Fig. 71. In the latter case, which is possibly limited to the softer 
metals, it seems necessary to protect the final cutting edges from over- 



Fig. 71. — An automatic burnishing and broaching equipment in which the broaches 
are pulled back through the work. Crankpin velocity 47 ft. per min. 

heating in drawing back by introducing a burnishing shoulder to enlarge 
the hole slightly. Also in broaching castings it is advisable to have a 
burnishing pilot on the end of the punch to centralize the punch and 
iron down small bumps on the cast surface. 

Fig. 72 shows details of the two broaches used in Fig. 71 to rough 
burnish and then finish broach the hole through cylindrical castings, 
withdrawing the broaches through the castings. The slots in some of 
the cutting edges are to break up rings of scrap which might otherwise 
hold together on the punch. 

For broaching or multiple shaving the outside surface of a shape, the 
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die is made up of a number of plates or dies piled on top of each other. 
The shape in each successive plate is smaller than that in the plate 
above it by the amount it is to shave off. The work is located in a nest 
on the top die, pushed through by a punch about the size of the bottom 
die, and stripped below that die. The edges are notched on those dies 
which take off a shaving thick enough to hang together so that it cannot 
form a complete ring. The notches are staggered in successive plates, 
as in the right-hand broach. Fig. 72. Air jets are the best means of 
clearing the shavings out of the dies. Jets may be led in over the 
several cutting edges by grooves on the 
under surfaces of the dies or by holes through 
spacers between the dies. 

The pressure required in shaving and 
broaching may be approximated as a swag- 
ing load upon the difference between the 
areas of the hole before and after the opera- 
tion plus an allowance for friction. 

Hot Punching. — Forging, or piercing and 
expanding the eye in picks, hammer heads, 
etc., represents a considerable part of hot 
punching practice. Fig. 73 illustrates a 
typical arrangement of punches and gripping Fig. 72.— The first Oeft) and 
dies for the three operation pick-eye forging (nght) broaches, Fig. 

shown. Two, three or four operations are ing allowances, 

used according to the depth of the eye and 

whether a low-(?arbon steel or a tool steel is used. The preliminary 
shape of the eye is forged in tools on the side slide of the press. In 
forging the eye, the hinged gripping dies are brought together and held 
tightly while the punches do the piercing. Because of their tapered 
noses, these punches force a considerable portion of the hole scrap out 
into the side-walls of the eye. Thus the scrap finally forced out is 
only a small portion of the space volume of the finished eye. It 
may be noted that the points of the pick are worked out in a helve 
hammer. 

In some hot hole-punching operations the die is fairly sharp edged 
whereas the punch has a considerable radius. This is because the punch 
is harder to keep cool than the die. Considerable burr forms on the 
scrap slug, following the radius of the punch, and is pinched off between 
the side of the punch and the die edge. 

In other hot hole-punching through thick material it has been neces- 
sary to use a number of separate slugs or punches. These are dropped 
into a nest above the work, for location, forced through the work, and 


tuOpmtkm TaiOpmtka 
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dropped into water under the press to be cooled before being used over 
again. 

Miscellaneous. — Blanking operations may be combined with other 
types of operations, and especially those of the drawing group. In the 
so-called ‘‘combination die^^ for blanking and drawing, used ordinarily 



Fig. 73. — ^The method of gripping, piercing, and ej^panding (hot) the eye in picks, 

hammers, axes, etc. 


in double-action cam presses, the blanking die ring is mounted on top 
of a drawing die as in Fig. 74. The blanking punch (at the right) is 
mounted on the blank-holder slide, and, after cutting, dwells to hold the 
blank, while the drawing punch at the left descends to draw the shell. 
Such dies are sometimes operated in double-action toggle presses also. 



Fig. 74.— a steam-heated combination die for blanking and drawing paper caps. 

but these presses are not really adapted to such work on account of the 
type of gibbing and possibly unbalanced actuating pressure on the four 
comers of the blank-holding slide. 

When combination dies are used in mngle-action presses with air. 
rubber or spring drawing attachments, the blanking portion of the die 
m as before, while the dmwing function is inverted. Thus the drawing 
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punch is on the die base and the blanking punch serves also as a drawing 
die. The blanking punch takes the form of a ring, mounted on the press 
slide. Its outer ^edge is ground sharp for cutting, and its inner edge is 
radiused for drawing. Thus every time it becomes dull and must be 
reground, the draw radius must be finished over. 

The exact size of the blank for combination dies must usually be 
determined from approximate blanks by cut-and-try methods. For 
that reason the drawing portion of the die is often finished up ahead of 
the cutting edges. Cutting and cupping dies used in double-action 



Fig. 75. — A vault-top trimming die adjustable to two lengths; 


crank presses are similar to the above though less common. Cutting 
and stamping dies for can ends and the like also come into this group. 
All the combination dies will be considered in greater detail with draw- 
ing and stamping operations. 

The die shown in Fig. 74 is interesting in that it is built into a deep 
die base cored for steam heating. The die is for blanking and drawing 
shallow paper cups for box caps, etc. Paper may be blanked in single 
sheets or a few sheets at a time in ordinary blanking dies, close fitting, 
however. But when a number of sheets are to be cut to shape it is 
necessary to use hollow cutters'^ or knife-edge punches working against 
saw-steel or end-grain maple block. This is because, if a number of 
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sheets are cut in a plain blanking die, the upper and lower sheets will be 
cut to the correct size whereas the sheets between are likely to tear 
irregularly larger or smaller than the cutting edges, following the weak 
spots. The same thing applies to thick and loosely laminated cardboard 
and other materials of non-uniform strength. 

Hollow cutters are usually strip steel forged to the outline, welded 
and ground to a knife edge. In some cases, particularly for small 
production, such cutters may be made up of thin, flexible steel band or 
strip, with one edge sharp, cut or bent and set into sawed grooves in 
hard wood. Gum rubber is tacked along the edges for stripping. 

Some typical loads found in testing steel rule dies and hollow cutters 
are, for cutting: 

Cotton glove cloth, independent of thickness, 240 lb. per in. 

Kraft paper, test on 0.200-in. thickness, 385 lb. per in. 

Celluloid, test on thickness, 300 lb. per in. 

Warmed five minutes in water at 120 to 150® F. 

Similarly, temporary blanking dies for cutting steel have been made 
up by setting standardized steels of simple shape in a cast holder in 
position to template, and securing them in non-shrinking babbitt poured 
around them and hammered after it has cooled. 

Ordinarily, however, substantial construction is of first importance 
in blanking dies. In many cases the side thrust or spreading strain on 
the die steels approaches in magnitude the vertical shearing load. 

Blanking and trimming dies are sometimes made adjustable where 
two shapes are very similar and the production is not large. Thus the 
vault top trimming die in Fig. 75 is adjustable to two lengths. The 
left end of the die is moved out, and one of the sections shown at the 
right is inserted. It will be noted that, to prevent spreading, a sub- 
stantial steel tie-rod is provided down each side of the die. 
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BENDING OPERATIONS 

The operations which are collected in the forming group include 
bending operations of all sorts, bulging, beading, necking, flanging, 
burring, curling, wiring, and some shallow drawing or stamping opera- 
tions. All these involve the plastic deformation of the metal, exceed- 
ing its elastic limit but not its ultimate strength. The movement of the 
metal is greater than in shearing but generally less than in drawing or 
in the squeezing group. 

Metal Movement in Bending. — The formula for the strength of 
structural beams is based upon stressing the metal in compression on 
one side of the neutral axis of the section and in tension on the other 



elastic deflection with balancing tensile ^ D F 

and compressive stresses set up each Fig. 77. — The natural distortion accom- 


side of a central neutral axis. panying plastic deformation in bending. 

side (the lower side), as indicated in Fig. 76. For uniform sections of 
rolled material the neutral axis coincides with the center line up to the 
elastic limit. If the load is increased, the stresses, particularly toward 
the upper and lower surfaces, increase beyond the elastic limit, causing 
permanent deformation of the material. 

Thus, in Fig. 77, let us consider the unstrained bar to be made up of 
uniform cube-shaped crystals, just for illustration. The shape of the 
crystals may be changed, but their volume remains the same, within a 
fraction of 1 per cent, in any press-working operations. Consequently, 
when bent, the crystals on the tension side are stretched in the direc- 
tion of the length of the bar. This reduces their cross-section area and 
therefore also their relative resistance to further stretching. On the 
compression side of the neutral axis the cubes are squeezed shorter, 
which increases their cross-section area and therefore also their resis- 
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tance to further working. (The total stresses mentioned here should 
not be confused with the true unit stresses, which increase, owing to 
strain-hardening, as the metal is worked.) 

The increasing resistance of the material in compression and the 
relatively decreasing resistance of the material in tension causes the 
neutral axis to shift correspondingly toward the compression ^side. 
The cross-section of the bar is no longer square owing to the reduced 
cross-section of the crystals in tension and increased cross-section of 
those in compression, as shown at D in Fig. 77. Because of relatively 
decreasing resistance, the greater portion of the metal movement takes 
place on the tension side, resulting in an actual reduction in both thick- 
ness and cross-section of the bar over the radius, as indicated by the 
dotted lines in Figs. 77 C and D. 

To demonstrate this we may take three experimental 90° bends 
made in quarter-inch annealed steel strips, as follows: 


Table V 


Inside Radius of the Bend, 

Final Thickness at the 

Inside Radius to Neutral 

Inch 

Bend, Inch 

Axis, d, Fig. 79 


0.243 

0.42i® 


0.237 

0.40< 

yi 

0.234 

0.38^ 


® t = 0.250 in. 


The distance to. the neutral axis was derived from the increased space 
between scratch marks on the outside surface and the decreased dis- 
tance between scratch marks on the inside surface. Although this 
method does not give precise results it is sufficiently close for illustration. 

The smaller the radius of the bend relative to the metal thickness, 
the greater is the stretching and consequent reduction in metal thick- 
ness over the radius. 

The wider the bar or strip is, relative to its thickness, as in bending 
sheet metal, the less it can distort across the compression side {W in 
Fig. 77 D), and consequently the greater is the tensile distortion and 
reduction in thickness. 

By using an appreciable radius instead of a sharp-comer bend, the 
blank is shorter and harder-rolled material may be used as the bend is 
less severe. Both points become of importance when the quantity to 
be produced is very large. The effects of radius and temper or hard- 
ness upon bending properties are well illustrated in Table VIII.^ 
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If there is tension on the bar or strip, due to a blank-holder or to the 
making of other bends simultaneously, the deformation in tension at 
the bend will be even greater relative to that in compression, and the 
thickness will be reduced even more. 

Another interesting effect of an outside tension upon a bend has 
been pointed out by H. A. Freeman in Machinery, In winding wire or 
strip upon a mandrel there is a tendency to form a bulge or buckle at 
the first bend, as shown in Fig. 78, because the local stresses are lower 
when spread around the greater radius. 

Sufficient tension on the strip while bending, however, will give 
quite a sharp bend and eliminate the buckle. 

As illustrated at A, the balancing tensile and compressive stresses 
at the section x-x in the normal bend plus the outside tensile force B 



x-x Z-Z Y-Y 


ABC 



Fig. 78. — Use of tensile stress in the 
material to give a sharp bend as in 
spring winding. {Freeman) 


Fig. 79. — Approximate location of the 
neutral axis in determining the length 
of metal to be allowed for a bend. 


gives a stress across the section y-y which will produce the sharp bend 
illustrated at the right. 

Figs. 76 and 78 illustrate the stresses across the section of the part 
subject to bending, as graded uniformly from zero at a central neutral 
axis to maximum values at the extreme fibers. This is satisfactory for 
structural purposes where beams, etc., must not be loaded beyond their 
elastic limits, and the maximum compressive and tensile stresses will 
be approximately equal and lower than the elastic limit* 

In bending, as in Figs. 77 and 79, however, the metal must be 
stressed to, and beyond, its yield point from the extreme fibers to the 
neutral axis as all the metal is being moved plastically and the neutral 
axis actually shifts from the center line toward the compression side 
during bending. The stress diagram and the beam formula should 
then be revised based upon stresses rising on both the tension and com- 
pression sides, from the yield point of the metal at the neutral axis to 
a value which may and frequently does approach the true (not nominal) 
ultimate strength of the metal in the extreme fibers. Quartern-hard, 
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half-hard and harder tempers are often used for bent parts in order to 
obtain maximum stiffness. Accordingly the initial yield point, and 
therefore the stress at the neutral axis, is likely to be quite high. Select- 
ing the hardest temper that the metal will stand on a given bend, with- 
out failure (see Table VIII), means that the true ultimate strength is 
very closely approached in the extreme fibers. Evidence of this is that 
an occasional piece which is harder than specified will show tensile 
fractures on the outside of the bend. 

The length of strip or bar (L in Fig. 79) to be allowed for making 
bends, when cutting blanks, depends upon the inside radius (r), the 
angle of the bend (a) and the thickness of the metal (t). As has been 
pointed out, the amount of stretch, and therefore the final thickness of 
the metal over the bend, are both affected by variations in the angle, 
the radius and the metal thickness and in some cases by the cross- 
section shape of the piece being bent. The allowance length L therefore 
is not a true arc at a distance from the die radius. A true arc is 
close enough for calculations, however, if it is taken at^ a radius r + d, 
where d = 0.3t to 0.5^. One manufacturer assumes d = OAt (approxi- 
mately) for all cases, and, referring to Fig. 79 A, writes the obvious 
formula: 

L = (r + 0.4/) X 27r X a 7360 (4) 

Then the length of the blank for Fig. 79 is : 

A + Li -f- 5 + Lii -J- C 

For sharp bends. Fig. 79 B, the method of approach is the same, but 
as the inside radius has been reduced nearly to r = 0, the metal is 
stretched thinner over the corner than in almost any other case. If the 
right-angle sharp bend. Fig. 79 were made so that metal thickness 
was not reduced over the comer, as indicated by the dotted line, then 
d would equal 0.5/, from which, by formula, L = 0.785/. 

The manufacturer previously quoted gives L = 0.4/ as an approxi- 
mate allowance for 90® sharp-corner bends. This would indicate 
d = 0.25/, although the reduction in thickness is not so great as this 
would suggest, for quite a bit of metal is stretched from the straight leg 
on each side. 

Efforts to confirm this, however, seem to indicate that it is too low 
an allowance. A number of bends were made in a 90® V-die on 0.265-in. 
and 0.128-in. hot-rolled steel. The distance, d, to the neutral axis 
varied from 0,37/ to 0.42/, depending apparently upon how much 
coining was done to make the bend sharp. The location of the neutral 
axis was figured from the compression and stretch respectively of the 
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inside and outside lengths of each strip with a correction for the reduc- 
tion in thickness over the corner which amounted to 13 per cent. The 
allowance, L, varied from 0.65^ to 0.73^. This checked up when figured 
by formula using d = 0.4^ plus an inside radius of 0.005 to 0.015 in., to 
compensate for the accumulation of metal in compression at the corner, 
Fig. 79 B, 

Some portion of the original elasticity of the metal remains after 
any bend. Accordingly, as the pressure on the bending punch is with- 
drawn, those molecules in the bent strip which have been in compression 
expand slightly, and those which have been in tension contract slightly. 
The amount of the '^spring-back'' is given by C. C. Herman as follows: 


Table VI 


Low-carbon steel, bent hot to 1® 

Low-carbon steel, annealed l°to 2° 

0.40 to 0.50 C steel 3° to 4° 

Open-hearth spring steel, annealed 10° to 15° 








r 





* 1 # 


These figures are for strip material to ^ in. thick and presumably 
for a 90° bend over a uniform radius. 

The amount of spring-back is undoubtedly greater for the greater 
angle of bend and proportionately greater for the smaller radius of 
bend. In addition it varies, as the above figures indicate, according to 
the analysis, rolling and treatment of 
the material. 

There are two ways of taking care 

of the spring-back in order to get the 

desired angle. One is to over-bend 

the metal as illustrated with some B 

exaggeration in Fig. 80 A. On account 

of the variable factors involved, the 

amount of over-bend must still be f*'’’ 

to correct or counteract spring- 

determined by trial or from similar back due to elasticity of the mate- 
cases. Thereafter there will be some rial. Effects are exaggerated, 
variation due to non-uniformity of 
commercial material. 

The other method is to hit-home or bottom at the end of the bend to 
"set" the metal. In effect this is a coining operation, to set up com- 
pression strains in the metal, to counteract and balance the tensile 
surface strains of bending. Any hit-home operation is dangerous in 
that two blanks or a careless set-up will almost certainly break or 
strain some part of the press. The average bending die is made so that 


(8xt) 
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it bottoms over a large area, and, instead of concentrating the striking 
pressure effectively at the radius, wastes it over the plain surface and 
is especially inefficient at the radius because the metal is thinner there. 

In the V-die sharp-comer bends previously referred to, in order to 
obtain and to set a sharp bend, pressures were required which amounted 
to between two and four times the shearing strength of the strip across 
the bend. A very little increase in the squeeze increases the pressure 
very much. 

Less pressure is more effective if concentrated right at the radius. 
This may be done by means of pressure beads little more than the metal 
thickness in width and located at the inside bending comer. See Fig. 
80 B and D and formula 4d. 

For approximating bending pressure only (but not including setting 
pressure to counteract spring-back), the following empirical formulae 
are based upon the beam formula, but the constants are increased in 
accordance with old experimental results to compensate for short spans 
and plastic working stresses. 

S = nominal tensile strength of metal, pounds per square inch; 
t = thickness of metal strip to be bent, inches; 

w = width of bend, inches; 

L = span (approx. 8 X < for V-die), inches; 

X = flat face, or inside width, for double bends, inches. 

Bending pressure only. Pi for V-dies: 

Pi ^ -ir L (4a) 

Bending pressure, P 2 , for double dies, including pad pressure: 

P2 = 0.67<S«i<^l + ^ (46) 

Pad pressure only, Pz, to hold bottom flat during bending; 

Pz =* 0 .& 7 Srvl (4c) 

Bottom setting pressure, P4, to coimteract spring-back; 

6 — plan projected width of beads or contact lines, inches; 

Si — setting pressure at 50,000 to 100,000 lb. per sq. in. for mild 
steel. 

(4d) 


P4, w X b X Si 



“GRAIN” AND “TEMPER” OF ROLLED METAL 


87 


“Grain” and “Temper” of Rolled Metal. — There is less tendency 
to get cracks or fractures around the outer radius when a bend is made 
across the grain of a hard-temper metal, as in Fig. 81, than when the 
same bend is made over the same radius but paralleling the grain. 

Table VII shows that metal tested 
in tension, parallel to the direction 
of rolling, has been worked less and 
shows greater remaining ductility than 
that tested across the direction of 
rolling. 

A pure metal may be quite severe- 
ly rolled, then properly annealed, and 
the recrystallization will remove all directional properties. That is, 
the new crystals will assume approximately uniform dimensions with 
uniform properties in all directions. If cold rolling is then continued 
the crystals are worked out and elongated in the direction of rolling as 
shown by their old boundaries. Fig. 25 B and C. In this process, move- 
ment is occurring along more and more of the groups of crystal slip 
planes which happen to be favorably oriented with respect to the direc- 
tion of rolling. It is to be expected then that further movement, as in a 
subsequent bending operation, will occur less easily along these slip 
planes than in some other direction which has been subject to less 
working. 

Directional differences in the properties of rolled metals may also be 
duei^o working out impurities like the slag inclusions in wrought iron. 
This gives a distinctly fibrous character which annealing cannot remove. 
Alloys (brass) and aggregates (steel) also show strong directional prop- 
erties which may readily be due to working out the less ductile phases, 
such as beta brass or pearlite in steel. 

Table VII 

THE EFFECT OF DIRECTION OF ROLLING IN TENSION TESTS OF 
ROLLED ZINC (Dr. Oswald Meyer) 

Plate tested as received. Thickness Varied from 0.044 to 0.051 In. 


Specimens Cut and Tested 

With Grain 

Across Grain 

Stress at first permanent set, pounds per square inch . . . 
Yield point, pounds per square inch 


2,420 

13,640 

36,800 

9.7 

(Nominal) Ultimate strength, pounds per square inch . . 
(General) Elongation, per cent 

Reduction of area, per cent 


17 



Fig. 81. — As the direction of rolling 
is the direction of greatest ductility, 
it favors severe bending and should 
be considered in blank layouts. 
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Table VIII 

EFFECTS OF TEMPER AND DIRECTION UPON BENDING LIMITS 



Thickness 

Rockwell 

Hardness 

BaUXlOO- 
Kg. Load 
XRed 
Figures) 

Minimum Suitable Radius of Punch 

High Brass, 
Temper, B. & S. 
Numbers Hard 

B. & S. 
Gauge 

Inch 

Bend 
Perpen- 
dicular to 
Direction 
of Rolling 

Bend 

45 Deg. to 
Direction 
of Rolling 

Bend 

Parallel to 
Direction 
of Rolling 

hard 2 

20 

0.0319 

67 

Sharp 

Sharp 

Sharp 

18 

0.0403 

66 

Sharp 

Sharp 

Sharp 


15 

0.0571 

68 

Sharp 

Sharp 

Sharp 


14 

0.0641 

70 

Sharp 

Sharp 

Sharp 


n 

0.0907 

73 

Sharp 

Sharp 

Sharp 

hard 3 

24 

0.0201 

67 

Sharp 

Sharp 

Sharp 

20 

0.0319 

71 

Sharp 

Sharp 

Sharp 


16 

0.0508 

78 

Sharp 

Sharp 

0.0156" 


14 

0.0641 

78 

0.0156" 

0.0156" 

0.0312" 


11 

0.0907 

77 

0.0156" 

0.0312" 

0.0937" 

Hard 4 

30 

0.0100 


Sharp 

Sharp 

Sharp 


24 

0.0201 

76 

Sharp 

Sharp 

Sharp 


22 

0.0253 

79 

Sharp 

Sharp 

Sharp 


20 

0.0319 

80 

Sharp 

Sharp 

0.0156" 


18 

0.0403 

82 

Sharp 

Sharp 

0.0312" 


17 

0 0451 

83 

Sharp 

0.0156" 

0.0625" 


16 

0 0508 

84 

Sharp 

0.0156" ; 

0.0937" 


15 

0.0571 

83 

0.0156" 

0.0312" 

0.0937" 


14 

0.0641 

82 

0.0312" 

0.0312" 

0.0937" 


12 

0.0808 

82 

0.0312" 

0.0625" ! 

0.0937" 


11 

0.0907 

84 

0.0937" 

0.1250" 

a 


10 

0.1019 

81 

a 

a 

a 


9 

0.1144 

84 

a 

a 

a 



0.1250 

80 

a 

a 

a 

Extra hard .... 6 

24 

0.0201 

83 

0.0156" 

0.0312" 

0.0937" 


20 

0.0319 

85 

0.0312" 

0.0625" 

a 


19 

0.0359 

87 

0.0625" 

0.0937" 

a 


18 

0.0403 

87 

0.0625" 

0.1250" 

a 


17 

0.0451 

88 

0.0625" 

0.1250" 

a 


16 

0.0508 

88 

0.0625" 

0.1250" 

a 


15 

0.0571 

88 

0.0937" 

a 

a 


14 

0.0641 

89 

0.1250" 

a 

a 


13 

0.0719 

89 

0.1250" 

a 

a 


11 

0.0907 

87 

a 

a 

a 

Spring 8 

30 

0.0100 


Sharp 

0.0156" 

0.0156" 

0.0937" 


26 

0 0159 


0.0625" 

a 


24 

0.0201 

88 

0.0312" 

0.0937" 

a 


22 

0.0253 

90 

0.0312" 

a 

a 


20 

0.0319 

88 

0.0312" 

a 

a 


18 

0.0403 

92 

0.0625" 

a 

a 


16 

0,0508 

90 

0.0937" 

a 

a 


14 

0.0641 

92 

0.1250" 

a 

a 


® None of the radii tested were suitable. 
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The effect of directional properties of high brass upon the maximum 
sharpness of the bend is illustrated in Table VIII. This is reproduced 
from the interesting experimental bending work^ of Straw, Helfrick 
and Fischrupp. Their tests were performed with a V-die and a series 
of interchangeable V-punches each with a different radius. Samples of 
strips of varying thickness and hardness or temper were cut with the 
grain, at 45° to the grain and across the grain. The table gives a record 
of the sharpest (least) radius that could be used in bending these sample 
strips, without causing visible fractures on the outside or tensile surface 
of the bend. The nominal analysis of the brass is given as alloy 1 
under Table IX. 

Table VIII also shows well the effect of ^^temper’^ upon the sharp- 
ness of the bend to be produced. Temper refers in this instance to 
the liardness or stiffness of metal for fabricating purposes, produced by 
cold-rolling or strain-hardening. It is usually desirable to have as stiff 
a product as po«sible, produced from as thin metal as possible for econ- 
omy, The temper should be such then that the blank will stand, with- 
out fracturing, the additional strain-hardening which is involved in 
bending or otherwise plastically working it into final shape. 

Table IX shows the relation of temper, hardness and amount of cold- 

Table IX 

TEMPERS AND HARDNESS OF SOME COLD-ROLLED COPPER- ZINC ALLOYS « 


Reduction by 
Cold Working 

Temper, 

Brass 

Practice 

Average Rockwell Hardness 
(Ho-In. Ball X 150 Kg. Load X 
Red Figures) 

Nominal 
Ultimate 
Tensile 
Strength 
(High Brass), 
Pounds per 
Square Inch. 

General 
Elongation 
(High 
Brass), 
Per Cent 
in 2 In. 

B. & S. 
Gauge 
Numbers 

Per Cent 
(Ap- 
proxi- 
mate) 

Brass 

Nickel 

Silver 

Phosphor 

Bronze 

1 

3 

4 

5 

6 

7 ! 

Annealed 

0 

yoft 




1 



47- 49,000 

67 

1 

10 

\i hard 


59 


1 


j 

51- 53,000 

46 

2 

20 

p 2 hard 

69 

67 

50 

66 

39 

60 1 

57- 60,000 

28 

3 

30 

^ hard 

74 






66- 68,000 

17 

4 

40 

Hard 

82 


56 

72 

62 

75 

70- 77,000 

11 

6 

50 

Extra hard 

87 



76 

69 


84- 86,000 

10 

8 

60 ; 

Spring 

90 




73 

81 

94- 98,000 

9 

10 

70 

Extra spring 






82 

101-108,000 i 

8 


® Prepared from Technical Publication 406, A.I.M.M.E. by Straw, Helfrick and Fischrupp. 
Physical properties from test data by R. S. Pratt. 

Nominal Compositions 

Alloy No. 1, High Brass: Cu 66, Pb 0.30, Zn 33.5. 

Alloy No. 3, Brass: Cu 65.5, Pb 0.95, Zn 33.55. 

Alloy No. 4, Nickel Silver; Cu 72, Zn 10, Ni 18. 

Alloy No. 5, Nickel Silver: Cu 55, Zn 27, Ni 18. 

Alloy No. 6, Phosphor Bronee; Cu 95.7, Sn 4.3, P 0.20. 

Alloy No. 7, Phosphor Bronze: Cu 92, Sn 8, P 0.15. 

Noth: Compare this table also with Fig. 127, p. 135. 

1 W. A. Straw, M. D, Helfrick and C. R. Fischrupp, ‘^Forming Properties of Thin 
Sheets of Some Non-ferrous Metals,” Technical Publication 406, A.I.M.M.E., 
Feb., 1931. 
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working on a scale employed by brass makers. Thus a ^'hard^^ brass is 
cold rolled four numbers on the Brown and Sharpe gauge scale, reducing it 
about 40 per cent in thickness. The Rockwell hardness given is an average 
in most cases of a number of values. The rate of strain-hardening is 
necessarily different for different metals and alloys, as the table suggests. 

In each case as the metal is cold-worked or strain-hardened to a 
greater and greater extent there will remain a smaller and smaller 
margin before all available slip planes are used up and fractures occur. 
This smaller remaining margin for further cold-working will naturally 
limit bending operations to easier and easier bends. The sharpness of 
the bend relative to the metal thickness, clearly determines the severity 
of movement in the immediate locality of the bend. 

Table X shows the accepted tempers for aluminum and correspond- 
ing values of tensile strength and elongation to indicate the rising stiff- 
ness and reducing ductility respectively as the metal is strain-hardened. 
The Aluminum Company numbers 2S and 3S designate two common 
commercial grades, the latter containing per cent manganese as a 
hardener. 

Table X 


TEMPERS OF ALUMINUM « 


Reduction by 

Cold Working 

Temper, 

Nominal Ultimate Tensile 
Strength, Pounds per 
Square Inch 

-1 

General 

Elongation 

Per Cent in 2 In. 

j 

Brinell 

Hardness 



Aluminum 







B. & S. 

Per Cent 

Practice 







Gauge 

(Approxi- 


2S 

3S 

2S 

3S 

28 

38 

Numbers 

mate) 








Annealed 

0 

Soft 

12-16,000 

15-18,000 

30-45 

15-30 

23 

28 

2 

20 

}4 hard 

14-18,000 

16-20,000 

5-10 

5-8 



4 

40 

14 hard 

16-20,000 

19-24,000 

3-7 

2-6 

32 

40 

8 

60 

5^ hard 

19-23,000 

24-29,000 

1-4 

1-4 



14 

80 

1 Full hard 

22-26,000 

27-32,000 

1-4 

1-4 

44 

55 


® From data in the ** Mechanical Engineer’s Handbook,” third edition, Part 6, by Lionel S. 
Marks, McGraw-Hill Book Co., New York. 


It will be noted that tempers used for aluminum do not refer to the 
same amounts of cold-working as tempers used for brass. Tempers for 
steels are different from either of these, and in no case does the scale 
of tempers indicate the plastic limit. This would indeed be impractical 
under such a system, as the amount of cold-working which is possible, 
as well as tlie rate of strain-hardening, seems to vary with each alloy. 

Table XA gives an idea of common tempers for low-carbon cold- 
rolled steels. Variations in mill and rolling practices make it impossible 
to give anything more definite at this time. This table shows very well 
effect of temper upon bending. 
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Table XA 


COLD-ROLLED STRIP STEEL SPECIFICATIONS 

{Stanley Works Handbook) 


Temper 

Arbitrary 

Temper 

Index 

Ultimate 
Tensile, 
Pounds per 
Square 
Inch 

General 
Elongation, 
Per CJent 
in 2 In. 

Notes 

Dead soft . . . 

6 

40,000 


Selected for extra deep drawing. 

Dead soft . . . 

5 

40,000 

Min. 33-40 

For bending, forming and shal- 
low drawing. 

Planished 

4 

40,000 

Min. 30-39 

Will unwind from coils without 
kinking. 180*^ bend either 

way. 

hard 

3 

45,000 

Min. 15-20 
Max. 30-39 

180“ bend across grain. Sharp 
90° bend with grain. 

3^ hard 

2 

55,000 

Min. 5 
Max. 15-20 

For easy blanking. 

Sharp 90° bend across grain. 
Rounding bend only, with 
grain. 

Hard 

1 

60,000 

minimum 

values 


Flat work only, where no bends 
are required. 


Bending Operations. — Bar-folders, brakes, drawbenches, roll-forming 
machines and bending dies in presses share the field. Bar*folders, 
usually hand operated, grip the piece of tin plate or light-gauge steel 
and bend it back on itself to any desired angle. Brakes are regularly 
power machines built like a light C-frame or straight-sided double-crank 
press with a narrow bed. They are usually fitted With a 90° V-die the 
length of the press and arranged to clear various combinations of bends, 
the bends being made one at a time in any strip or sheet which is shorter 
than the die. Brakes are used for many operations in the manufacture 
of metal furniture and door trim, roofing, etc. 

Where one shape is to be produced from strip metal in straight 
lengths and considerable quantity, as for mouldings, metal sash and 
trim, etc., either draw benches with suitable dies or rolling machines 
with a series of developed rolls may be used. Both have peculiarities 
which make them studies by themselves. 

Bulldozers and hydraulic presses fitted with dies are* widely used for 
the job bending of heavy bars, rails, rolled sections, etc., the work vm% 
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ally being done hot. Uniformity of results in hot bending depends to a 
considerable extent upon the care of the operator in heating and handling. 

Power-press bending takes in a wide range of operations in direc- 
tion, number of bends and methods of bending. Quantity is Essential. 
And as most bending dies are necessarily arranged to strike solidly over 
a considerable area, care is required on the part of both the operator 
and the die-setter. The variety of ways of making bends, and of hold- 
ing the metal against creeping, is such that a' comprehensive view is best 
given by discussing a collection of dies. 

Fig. 82 shows an interesting series of simple bends in the production 
of the heater jacket top shown at C. This top interlocks with four 



A B C 

Fig. 82 . — Three adjustable dies, progressively bending the flanges of a jacket top to 
interlock with other jacket parts. 

other sections of the jacket and consequently has hooks around the four 
sides. Being in the nature of a furniture job the bends must be accu- 
rately made. As the jackets come in several lengths, one pair of steels 
in each of the first two dies is made adjustable with pilot pins to assist 
in getting and maintaining alignment. The third die is made large 
enough for any length as it bends only along two sides. The first bend 
turns up a flange on the four sides, striking at the bottom, with an 
angle on the die steels of a little less than 90°, to correct for spring-back. 
In the second operation, as shown at B, the sheet is turned over, and a 
die, similar in general to the first, completes the double bend. Both 
dies are fitted jvith center spring-pads to hold the sheet flat and keep it 
, from creeping while bending. The third die is fitted with hinged strips 
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to make the radius bend. These have only a small movement and are 
brought in tight by the wedges on the punch plate to give a positive 
over-bend. 

Edgewise bending of sheet-metal blanks or strips may offer consid- 
erable advantage in economy of material, as in producing blanks for 
automobile side frame members and brake web members. It must be 
anticipated that the metal will become somewhat thicker where it is 
moving under compression strain, and thinner as it moves under tension, 
as illustrated in Fig 76, 77 D and 83. In making such bends there is 
a natural tendency to wrinkle in the compression areas and collapse or 
deflect where the metal is in tension. This must be overcome by very 
rigid holding. The wedge-action die shown in end view in Fig. 83 is a 



Fig. 83. — An edgewise bending die combining bending pressure with a holding 
pressure which compensates for non-uniformity and change of metal thickness. 


clever solution to the problem in that it furnishes a self-adjusting blank 
holding action which takes care of variations in thickness of the original 
blanks, as well as changes in thickness during bending. A 45° angle 
on the wedge surfaces is reported to give a satisfactory ratio of holding 
pressure to bending pressure. A heel must be provided to support the 
punch and balance the side thrust, unless a double die is made using two 
opposite-moving wedge members to balance the strain. Vertical edge- 
wise bending of blanks, singly or in packs, has been done successfully 
with proper provision for holding under a pressure equal to or greater 
than the bending pressure and with provision as well to take care of 
non-uniformity of original metal thickness. 

Fig. 84 shows one of the operations in bending a step hangar or run- 
ning-board support. There are two points of interest in this job: one, 
the large-radius bend in the channel; and the other, the flanged portion 
of the channel whereby it is attached to the chassis. There are four 
bends in this latter portion, and two being the reverse of the other two 
any error due to spring-back in the material is automatically oompen- 
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sated for in angle and the flanges come out on the same plane. The 
spring-back does affect the distance across the flanges, however, so that 
for correct spacing the rivet holes cannot be punched until after bending. 

Such an observation may be made of bending in general. Punched 
holes in different planes or sections of a formed article, to be in correct 
relative positions, should ordinarily not be punched until after the bend- 
ing operations. There is too much opportunity for slight variations 



Fig. 84. — A nmniiig-board support pierced, after forming for correct hole relationship. 

due to slippage or non-uniformity in thickness or physical properties of 
the material. 

The bending of rolled channel sections always requires care and 
close confinement of the legs or flariges of the channel. Otherwise the 
extreme tensile or compressive strains in the flanges (depending upon 
the direction of the bend) will cause them to collapse or wrinkle, respec- 
tively. 

‘^Bending in air^' has been applied to describe such work as is shown 
^ Fig. 85. The punch is a simple block, fitting the inside of the bread 
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pan, and arranged to start the edges or flanges for the subsequent wiring 
operation. The die is mounted on a manually operated slide plate for 
use on a relatively short-stroke wiring press. The blank, with the cor- 
ners notched, is placed against side and back gauges shown on the die. 
As the punch enters, starting the bottom bends, surplus metal at the 
comers finds its way out into loops as shown, through corresponding 
slots at the corners of the die. These loops are subsequently bent tight 
against the ends of the pan. 

Slide plates may readily be interconnected with the press control 
mechanism in such a manner that the clutch cannot be tripped unless 
the die is back and in correct location under the punch. In some 
cases slide plates are actuated mechanically by the press through cams 



Fig. 85. — Bending in air. Corners of bread pan formed into loops in a die mounted 

on a slide plate. 

or toggle levers. On large presses they are operated by air cylinders. 
The object, of course, in using sliding dies is to perform operations on 
shells of such depth, relative to the press stroke, that they could not 
be removed from the die while it is under the punch, Fig. 111. 

Fig. 86, a relatively simple wedge-action die on a foot press, illus- 
trates a combination of vertical and transverse actions. Two lugs on 
each side of the cap are to be bent in and then closed tight on a sealing 
strip. The transverse slides, which do the preliminary bending by 
means of horns extending to the front, are well gibbed in the die base 
and are held apart by springs. As the press slide descends, the wedges 
force in the transverse shdes for their operation, and then allow them 
to retire before the center punch reaches bottom to complete the job. 
As the press slide moves up again, the wedges necessarily move in and 
out idly. 
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In many cases the wedges or cam pieces are so developed that they 
drive on both surfaces, giving practically positive action, independent 
of springs, to the transverse sUdes. The timing may be arranged so 
that one slide comes in and retires before another, where the two might 
otherwise interfere. The wedges should usually be extended sufficiently 
so that the leading portions enter the die base below the slides as pilots 
and brace before the slides are set in motion. Wedges are often made 



Fig. 86. — Lugs on each side bent part way down by wedge action and squeezed tight 

by the center punch. 

of round stock with the sides slabbed off for short wedge movements. 
The machining is less expensive than for rectangular cross-sections. 

The die shown in Fig. 87 performing a double curling operation is of 
interest chiefly in the method of obtaining the side motions. Each of 
the side slides is provided with a set of ‘‘knuckle-joint^' links or toggles 
which are caused to straighten out by pressure on the rolls provided on 
the center pin. The desired pinch ;is obtained by adjusting the posi- 
tions of the blocks carrying the outer pins, through set-screws at each 
end of the holder. The springs shown have leverage on the rear links 
to open the slides. 
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When substantially constructed, a knuckle-joint mechanism is ca- 
pable of exerting a very high pressure at the end of its stroke, with com- 
paratively little operating effort. This is due to the high mechanical 



Fig. 87. — A power! ul double side-thrust obtained through the increasing mechanical 
advantage of knuckle-joint motions. 



Fig. 88. — Floating mandrel and wedge motion combined to form and lock a tube. 


advantage at the nearly straightened position of the links. The same 
principle is the basis of design of heavy-duty coining and swaging 
presses. 
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Fig. 88 shows an interesting combination of a floating mandrel, 
spring bending, wedge bending and positive closing. The previously 
formed blank, with hooks prepared, and the finished tube, having a 
regular lock seam, are shown on the bolster. The floating mandrel 
which fits the inside of the finished tube is actuated through a heavy 
spring directly from the press slide. As the slide descends, the man- 
drel strikes the blank and, by the pressure of the spring, forms it up into 
a U. Next the wedges force in the side slides which close in the sides 



Fig. 89. — Forming and closing a lock seam on a duplex horn. 

of the U to form the tube. Finally the center punch, attached-directly 
to the press slide, strikes to close the hooks into the lock seam. 

The lock seam is used to hold together the bodies of many pails, 
boxes, cans, barrels, tubes, etc: It is entirely a bending job. Thus^ 
as shown at the right in Fig. 89, the first step is to form the hooks, one 
up and one down. Then these are hooked together and finally bent 
down with a blow, which closes them tightly and at the same time forms 
an offset in the body on one side or the other to prevent unlocking. 

The simplest method of producing a lock seam is to form the hooks 
separately in a bar-folder, hook them by hand and close them with a 
|>lain horn and force or a seam roller. The next method, illustrated by 
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Fig. 89, is the use of the “duplex hom.’^ The long steel, mounted on 
springs in the horn, is arranged for bending the two hooks simultane- 
ously between its lower surfaces and the horn. These are then hooked 
by hand and closed at the next stroke of the press, between the force 
and the upper surface of the steel. More often this steel, incorporating 
the duplex feature, is built into the force instead of the horn. 

For larger productions the automatic lock seamer forms the hooks 
and closes the seam in a single stroke. Beyond this are automatic can 
bodymakers which also form the Bodies and perform other operations, 
at high speed, Fig. 101. 

Flat blanks may be formed into a cylindrical shape as for bushings, 
etc., in one, two or more operations according to the case. Thus the 
principles of the floating mandrel and wedge die, Fig. 88, may be applied 
to U-ing, bending in the wings and closing down in a single operation. 



Fia. 90. — Three-stage forming of cylinders to eliminate flat portions; 
J^in. steel plate. 


Some straight and taper spouts, tubes, etc., are made following this 
principle, but the dies are rather expensive and complicated. 

The handle of the stove shovel. Fig. 91, is made in two operations. 
In the first operation, which strikes the flat blank into the shape of the 
shovel, the handle portion is formed into a U shape. The semicircular 
punch and die at the right are then used to close the legs of the U into 
a cylinder. It will be found, however, that tubes formed in this man- 
ner are not truly circular but are flat for an appreciable space each side 
of the joint. 

In Fig. 90, a %-in.-thick motor frame, this flatted condition, which 
Is also observed in cylinders formed in bending rolls, has been cured by 
inserting a preliminary operation. In this operation the troublesome 
portions near the ends of the blank are stamped to the desired radius. 
The blank is then U-ed as shown, in such a manner that the punch will 
just clear the previously formed ends. Finally it is closed in half- 
cylindrical dies and usually over a floating mandrel with provision for 
stripping. The elasticity of the metal causes the cyhnder to open up 
somewhat after forming. This may be largely cured by restriking with 
considerable pressure while rotating on a mandrel. It is also claimed 
that well-'Closed cylinders may be obtained by striking the end radius 
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in the first operation to something less than that desired, and then, in 
the final operation, the cylinder is closed over a mandrel and to a diam- 
eter somewhat less than that required, with sufficient force to compress 
the metal beyond its elastic limit. 



Fig. 91. — Stamping a shovel and U-ing the handle in one step, then closing the 

handle in a second step. 

Fig. 92 and the shovel portion of Fig. 91 illustrate what may be 
called stamping. It is hit-home work in which the pressure exerted is 
little more than enough to bend or fold up the metal. When the need 
for a holding pressure and the prevention of wrinkling enters, the 
operation becomes shallow drawing. There are also operations in 
which intense coining pressures are required to bring out sharp lines and 



Fig. 92. — ^Stamping, forming-up and closing a handle in three stages. 


designs. It has been pointed out that hit-home operations result in 
a wide range of working pressures dependent almost entirely upon die- 
setting and possible variations in material thickness. Average inten- 
sities of one to a hundred tons per square inch may be found in success- 
ful practice. And two or three hundred tons may be the limit in some 
cases of accident. 
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EXPANDING, CONTRACTING AND CURLING 

Plastic movement of the metal in tension, compression or both is 
involved in all the miscellaneous group of operations which follows. 
None of them fall in the drawing or squeezing groups, nor yet can they 
be classed as bending. Most of them are commonplace in the manu- 
facture of kitchenware and of cans and containers, though they have 
also found many uses elsewhere. 

Bulging. — In the cases of many pitchers, kettles, pots, shaker tops, 
tubes, shells, boxes, etc., it is necessary to bulge or expand the walls of 
shells, which have been drawn up to that stage with straight walls. 
Bosses or other shapes may be forced out upon occasion. Pieced ware, 
can bodies, etc,, may be bulged to the extent of narrow beads or rings, 
but little more, owing to the danger of opening up the seams. 

The limitation upon bulging, as in other operations, is the amount 
of cold-working the metal will stand before it fractures. An increase 
in circumference (or diameter) of about 30 per cent in one operation is 
the most that is ordinarily expected of the ductile metals in the annealed 
state. This includes low-carbon steel, alpha brass, copper, aluminum, 
and silver particularly. The ^^per cent elongation in 2 in.” of the metal 
is an index to its bulging limitations. The portion of a drawn shell 
which has been severely cold-worked in drawing must be annealed, of 
course, for a severe bulge. An excessive bulge may be accomplished 
in two or three steps with intermediate annealings, even using the same 
die with different settings. 

The act of bulging a shell (from an original diameter Z), to a maxi- 
mum diameter Di) naturally reduces the metal thickness (from an 
original thickness < to a minimum thickness h at the diameter Di). 
The relation may be expressed approximately as: 

<1 = t Vd/Di (5) 

Similarly, any surface area A is increased to Ai at any increased diam- 
eter Di : 

Ai^A VDi/D 
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( 6 ) 
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If the metal thickness did not change, the overall height of a cylin- 
drical shell, bulged to a spherical shape, (Fig. 94, A and B), would be 
reduced by an amount: 

hi = (Di/D - 1) VDi^ - (7) 

This relation develops directly from formulae for the surface areas of 
cylinders and sections of spheres. But since the metal does become 
thinner as the diameter increases, there is a net increase in total area, 
and the reduction in overall height is less than that indicated above 
(by perhaps a third, for a 30 per cent increase in diameter). Changes 
in thickness and height are naturally altered by non-uniformity of 



Fia. 93. — A segmental bulging die which expands as the punch forces it down upon 
the taper. Springs under the bed return it. 

material and by frictional restrictions to free flowing so that, for close 
results, ^^cut and try’^ methods must supplement theory. 

Fig. 93 shows a segmental bulging die both assembled and dis- 
assembled. The segments are held together in a group by springs 
around their top and bottom ends. When assembled, they rest upon 
the taper of the base and upon the stripping collar which is in turn sup- 
ported by means of pins through the bolster and upon a substantia! 
spring pressure attachment in the bed, of the press. 

The drawn shell is placed over the die as shown by dotted lines at 
the left in the assembled view. The punch, shown inverted with the 
disassembled parts, then descends. First it reduces the step at the 
radius of the shell, and then continues, compressing the springs under 
the bolster and forcing the shell to expand, as shown by the dotted line 
at the right, as the segments move down on the taper. 

The segments naturally separate as they move out, which results in 
slight flats on the surface of the metal at corresponding points. These 
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flats are negligible in many cases but may be apparent when the surface 
is polished. The formation of flats is therefore to be considered against 
this type of die. Upkeep and production rates favor it decidedly. 

The idea of an inside, wedge-motion punch may be adapted on 
occasion to the bulging of bosses and knobs on the sides of drawn shells. 

Rubber punches may be substituted for the segmental construction 
in many bulging operations, but in such cases the die must be arranged 
to close around the piece completely. Then the metal is expanded to 
fit the inside shape of the die, giving a smooth true outline which would 
not be obtained without such confinement. Rubber dies are usually 
limited to relatively small productions as the 
rubber expanding piece must be replaced every 
few thousand pieces. For such work specify 
‘^cylinder rubier,’’ a special soft grade. 

Fig. 94 shows two methods of closing the die 
about the work. At A and B is shown a double- 
action die for flangeless shells, arranged for use 
in a cam press or a toggle press. One half of 
the die is mounted on the bolster and the other 
half on the blank-holder slide so as to form a 
closed cavity about the shell before the punch 
begins to expand it. Such a die may be inverted 
for use in a single-action press, in which case the 
die is mounted on the slide, the punch is on the double-ac- 

bolster and the closing ring is earned upon pins 
from a spring pressure attachment under the with rubber, 
bolster. 

At C and D, Fig. 94, are open and closed views of a wedge-action die 
for rubber bulging. The sliding members which close in about the shell 
may comprise two or three sections, each with an operating wedge. 
The rubber punch may be either on the bed or slide of the press. In the 
latter case the die completely surrounds the area to be bulged. One 
other possibility in this field is the hand-closed, hinged die which is 
necessarily slower. In some instances as in Fig. 95, it is desirable to 
use hand closing with the double-action construction to lock the die 
together. 

Hydraulic bulging is suited to quite intricate shapes, including bent 
parts, side bosses, tapers, etc., but is quite fussy owing to volume and 
pressure control, venting and leakage. In place of oil or soapy water 
some use small (0.030-in.) hard steel balls (as made by Pangl^orn Corp., 
Haegerstown, Md.), 

^ The pressure (P) to be applied for hydraulic (and rubber) bulging 
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operations, expressed in pounds per square inch of the punch area, may 
be taken approximately as: 

P = 25 X hIDx (8) 



Fig. 95. — Note, in this double-action bulging die, that the rubber is held into the 
punch holder around its edge with no bolt through it, and that a steel sleeve protects 

its entry into the shell. 

In this, h is the final metal thickness in inches, Di is the shell diameter 
after bulging in inches and S is the tensile stress in the metal in pounds 



Fig. 96. — A shell drawn regularly in six steps and then bent, bulged and rebulged 
hydraulically in three steps with intermediate annealings. 


per square inch. The value for the tensile stress varies above the elastic 
limit and toward the ultimate strength as the material is hardened by 
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working. The formula follows the same derivation as that for the 
bulging strength of pipe. 

Hydraulic bulging and bending dies, like rubber bulging dies, must 
completely surround the work, confining the extent of the bulge. The 
dies must be split to remove the work and may be clamped together 
either by a toggle hand clamp; a screw, Fig. 97 A ; a single-action cam 
press; or the blank-holding slide of a double-action press, Fig. 97 B, 
In any case it is important that air vents, v, be provided in the die to 
permit the escape of air as the shell is ex- 
panded filling the space about it. The burst- 
ing strain to be withstood by the die and the 
clamping mechanism is equal to the vertical 
projected area of the working cavity multi- 
plied by the bulging pressure per square inch 
as found above, or more if the plunger is 
capable of building up an excessive pressure 
at the end of its stroke. 

The working pressure may be applied 
directly by the crank motion of a press, or 
through pipes and valves from an accumulator, 
or a force pump with a relief valve. A force 
pump is hardly economical because of the large 
percentage of time it is pumping into the 
waste. Fig. 97 A illustrates a screw-clamped 
die with valve control arranged to fill from 
the city pressure, bulge with accumulator 
pressure and then empty to waste. Pipe lines 
and valve must be large relative to the 
work for quick action. 

When bulging is done in simple single-action presses with hinged 
dies closed and locked by hand, the punch serves as pump plunger, and 
the volume of water (or oil) placed in the shell must be carefully mea- 
sured to prevent accident. Fig. 97 By however, illustrates one arrange- 
ment of a metering punch which enters the shell, forcing out an excess 
of water and insuring a proper amount for bulging. As shown, this is 
designed for a double-action press in which the blank-holding slide 
performs the die-closing and metering function while the punch on the 
crank-motion slide performs the bulging. Metering can also be accom- 
plished with a crank-motion punch providing ample area is allowed for 
the rapid escape of the liquid. Entrapped air must, of course, be 
guawled against. Fig. 97 B shows shrunk rings about the lower part 
of the die to prevent expansion which would make it difficult to strip 
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Fig. 97. — (^4) A screw-closed 
hydraulic bulging die con- 
trolled by valves, and (B) a 
die closed by the outer slide 
of a double-action press, the 
pressure being applied by the 
inner slide. 
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the shell out of the die. Do not neglect multiplying the working pres- 
sure i>er square inch by the face area of the punch in selecting a press, 
and check the blank-holder load in the same way. 

In bending hydraulically it is desirable to draw the shell with a 
rounded end, Fig. 96, so that it will follow the die easily. The die 
should be well lubricated; in fact, a light oil or soap solution lubricant 
may be used as the working medium. 

One other method of performing bulging operations, adapted par- 
ticularly to limited production, is by the use of a spinning lathe. The 

operation is known as inside spinning 
and is illustrated diagrammatically in 
Fig. 98. The form roll, which may be 
either metal or hard wood, is necessary 
to control the operation. The spinning 
roll, on an extension, as shown, is manip- 
ulated from the usual compound rest. 
The limit upon the amount a shell may 
be bulged, without annealing, is again 
the amount of plastic working the 
metal will stand without excessive hardening. This was discussed in 
a previous paragraph. 

Beading. — The formation of ornamental or strengthening beads or 
ribs about the circumference of can bodies, barrel bodies and other 
cylindrical shapes, is possible by several methods and is rather closely 
related to bulging. Forming a bead is rarely, if ever, a severe enough 
operation to crack the metal. If the bead is high, however, it may tend 
to open up the side seams of pieced articles such as can bodies. 

The simplest method of producing beads is to roll them in a series of 
beading and flanging machines. Such machines are equipped with rolls 
on parallel shafts, the profile of the rolls fitting the inside and outside of 
the desired bead as indicated in Fig. 99. A heavy spring may be incor- 
porated in the mechanism which moves the upper shaft down, to assist 
the rolls over the side seams of pieced work without slipping or jumping. 
The rolls should ordinarily be as close to the frame of the machine as 
possible. On account of spring between open-end shafts, it is usually 
impracticable to form two uniform beads at opposite ends of a (barrel) 
body without additional support for the shafts. A method of provid- 
ing such support is shown in Fig. 100. 

Uniform pressure on the roll shafts contributes to uniform results. 
In this respect those machines having the motion of the upper shaft 
actuated by a ca^n (Fig. 100) have an advantage over those which are 
hand^ or foot-controlled (Pig. 99). The cam-controlled machines 



Fig. 98. — The method of perform- 
ing inside spinning or bulging 
operations in a spinning lathe. 
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require a clutch as they make but one to three working revolutions and 
stop. Similar principles are used in equipment for rolling threads and 
knurls, operations which are related to beading. 



Fig 99 — A relatively large machine belonging to the hand-controlled series of headers 
and flangers, equipped to bead one end of a pieced barrel while flangmg the other end 



Fig 100 — The rear of a header and flanger showing the backshatt cam which apphes 
the workmg pressure, and the shaft support arrangement for two operations on a 
small-diameter muffler body. 

Another method of forming beads is closely related to bulging in 
segmental dies, as shown in Fig. 93. Thus in dies, or in the beading 
attachments on automatic can bod 3 anaking machines, Fig. 101, or on 
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the four diagonal slides on the tables of squeezer-beaders, Fig. 102, are 
segmental steels which expand the bead, being actuated by a wedge, 
cam or toggles. For holding and for sharpness of outline of the bead, 
there are also external contracting steels, making complete male and 
female dies. 

Small beads in straight tubing or drawn shells may be formed in 
split dies by end pressure on the tube, as illustrated, for example, by 



Fig. 101. — ^A typical cam ring closing and wedge expanding attachment on the back 
of an automatic can body-maker arranged to flange both ends of unsoldered bodies. 


Fig. 103. It is desirable that the metal be relatively thick compared 
to the diameter. The bead should not be much over the metal thick- 
ness in height, or over a 90® arc, so that it will not collapse before it 
fills. The pressure (P lb.) required will be nearly the compressive 
strength of the tube: 

P = widi^ - d22)| (9) 

where di is the outside diameter, d 2 the inside diameter, both in inches, 
and 8 in pounds per square inch is a value for the compressive strength 
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of the material between the elastic limit and the ultimate, approaching 
the latter. 

Flanging. — Turning a 
flange out around the ends 
of a cylindrical or rectan- 
gular can-body is a bending 
operation but occurs rarely 
except in the can-making 
trade. It is preparatory to 
double seaming the ends on 
cans, tanks, barrels, etc. To 
form a flange the metal 
must be forced out against 
a holding tnol or edge on 
the outside. As this is 
similar to the process of 
beading, the equipment also 
is similar, the tools being 
modified but slightly. Thus 
progressive flanging rolls, 

Fig. 104 A, may be used in 
the machines shown in Figs. 

99 and 100. Care must be ^O^.-For crimping, beading or flanging op- 
, , ^ . erations on rectangular cans, diagonally placed 

taken to prevent endwise 

shifting of the body and an table of such machines, 

uneven flange. Body- 

maker attachments. Fig. 101, and squeezer-fl angers like Fig. 102, 
employ contracting and expanding die steels as illustrated at B in Fig. 




Pig. 103. — Bulging a tube by direct 
end thrust is hmited to relatively low 
beads. 



Fig. 104. — Flanges as formed (A) in rolls, 
Fig. 99; (B) by expansion, Fig. 101; 
(C) by end thrust, m special machines 
not shown. 


104. High-speed double-end flangers for soldered can equipments 
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employ endwise die motions rather like curling, Fig. 104 C, The metal 
at the edge is stretched m increasing the circumference while flanging, 
so that cracks, from the edge in, would be expected from an effort to 
form too wide a flange (more than, say, 10 per 
cent of the body diameter in width). 

Necking in. — Reducing the circumference, 
necking or swaging as applied to tin cans and 
the like employs the same range of equipment 
as discussed under beading and flanging, and 
as illustrated in Figs. 99, 100, 101 and 102. 
This involves making only a small offset to suit 
dry package slip covers, as for baking powder 
cans. 

A necking operation, as for water pitchers, 
performed in a spinning lathe, is shown in Fig. 
105. The tail spindle of the lathe carrying the 
inside chuck or form roll is necessarily offset relative to the live spindle 
to allow for its removal. Consequently spinning lathes for this service 
must be furnished with an adjustable offset tail stock. 

Necking or swaging applied, for example, to tapering the ends of 
tubes, may be accomplished in rotatory swaging machines. The action 
here depends upon a series of quick hammer blows applied to the out- 



Fig. 105. — A necking opera- 
tion on a spinning lathe, 
often a sequel to Fig 98, in 
that shells drawn straight 
are first bulged, then necked 
for proper contour. 



Fig. 106. — A piece of tube (above), and a deep drawn shell, each necked down by a 
series of press operations. 

side of the tube through rapidly revolving rollers. As the number of 
the blows may be of the order of 8000 per minute, the individual blow is 
small. Annealing for extreme reductions is required as in the next case. 

Necking or reducing the tops of drawn shells in the manufacture of 
seamless metal bottles or capsules is more nearly related to single- 
action redrawing. Fig. 106, at the light, shows the series of operatioxiiS 
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in forming the bottle. The metal is stressed entirely in compression, 
however, instead of partly in compression and partly in tension as in 
drawing. For this reason the reduction in diameter per operation is 
somewhat lower. The eight reductions shown in Fig. 106 range from 
8 per cent of the previous diameter up to 17 per cent, and this seems 
fairly representative of present practice. That is, if di is an original 
diameter and ^2 is the final diameter after a proposed reducing operation, 
then the possible reduction is ^2 = 0.92di if the metal is rather hard, 
up to dz — 0.83di if the metal is soft and ductile. 

As such an operation, involves severe cold-work- 
ing and grain shattering with resultant strain- 
hardening, fairly frequent annealing is required 
for most metals, to prevent cracking and to keep 
them workable. For steel, of course, the higher 
the carbon content is, the more frequent must be 
the annealings, and at that the limit is around 
0.20 C. Local annealing may be desirable to 
prevent undue softening of unstrained portions 
with accompanying tendency to buckle. 

Fig. 107 A is drawn to compare the cross-sec- 
tions of a shell, before, during and after a series 
of reductions. Shaded areas near the top indi- 
cate the increases in thickness and height which 
take place in a unit ring in proportion to the 
decrease in diameter. If it is desired to pre- 
dict approximately what these changes will be, 
instead of leaving them to the more usual resolu- 






(d|- ti)— Ij 
dr- — n 


of necking operations ' 
and of the forces enter- 
ing into the analysis. 


tion by trial, calculations may be based upon Fm. 107— The relation 
the facts that the metal is practically plastic and 
incompressible (of constant volume) in the normal 
range of pressures and temperatures. Note that 
the subscript n denotes the dimensions after the series of reductions, 
as indicated; and that the diameters (d) are mean diameters, equal 
approximately to outside diameter less thickness (0- X is any unit of 
height. Then: 


<«=• t 

xVd/l, 


( 10 ) 

( 11 ) 


Actually tn is likely to be a little less, and Xn a little greater, than the 
values obtained, as the metal is likely to flow up a Uttle more easily 
than it flows in. 
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Fig. 107 Bj C and D is arranged for approximation of the forces (P) 
occurring in any one of the reducing operations. Letters di and d 2 
denote outside diameters before and after any reduction, respectively. 
The substitution of mean diameters would be a little more accurate. 

The angle a is important, especially in drawn shells which cannot be 
supported inside. It should be less than, say, 45°, if possible. If it k 
too great there is a tendency to collapse the top of the shell, in which 
case the reduction per operation must be reduced to keep the vertical 
working pressure (P,,) less than the limiting pressure (Pl) at which 
cave-in would be likely. Neglecting frictioji we ipay calculate: 


Pw — 


t2 X Su X (^1 — ^ 2 ) 

cos a 


( 12 ) 


in which Su is a value in pounds per square inch approaching the actual 
ultimate (compressive) strength of the material, and 

Pl = TT Xh X ScX {di - ^ 1 ) X cos a (13) 


in which & in pounds per square inch is the elastic limit of the material. 


The derivation of these formulae is as follows. The limiting pressure depends 
upon the compressive strength (Pi) of the base circle of the conical section (107C). 
That is: 


then from 107D, 


Pl == TT X (d, - /,) XiiXSe 
Pl - Pi X cos a 


or 


Pl - tt X (di - h) Xti X Se X cos a 


The sum of the horizontal compressive forces, represented as P 2 , may be taken, 
according to pipe formulae, as: 


P 2 == 2t2 X h X Su 


in which 2t2 X h represents the vertical cross-section of the conical portion on which 
work is being done. Then from 107D, 


Pw ^ Pi X tan a = 2t2XhXSuX tan a 


and as 


(di - d2) 

2 X sin a 

t2 X SuX (di ~ di) 
cos a 


Sheared Edges. — The inherent properties of the edge of a sheet of 
metal, as sheared or punched, are favorable or unfavorable to some sub- 
sequent operations, and particularly to the next two to be discussed. 
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Figs. 21 to 24 and the accompanying analysis were devoted to the 
progressive action of shearing or punching. It was shown that the 
brightly burnished portion of the edge was drawn against the wall of the 
punch or die until the breaking point was reached and the fracture 
completed the severance. A burr may and often does form at the 
fractured corner. 

Fig. 108 shows an inherent weakness of a sheared edge, the tendency 
of minute crevices in the fractured portion to spread into serious cracks^ 
under severe stress. In this illustration are shown two strips of quarter- 
inch boiler-plate sheared to 1 in. wide. The edges of the lower strip 
were left as sheared. The other strip was placed in a shaper, and both 
edges were finished off with a light cut. 



Pig. 108. — Comparative tensile tests of sheared strips, one as sheared, the other with 
fractured portion of edge removed by machining. 

Both strips were then subjected to a tensile test in an Olsen testing 
machine, being stretched nearly to the breaking point and showing an 
average elongation of about 26 per cent. The specimen with the 
machined edge stood about 8 per cent more load than the other, neck- 
ing in smoothly. 

The specimen, as sheared, began to show small crevices along the 
burred or fractured portion of the edge some time before the end of the 
test. These gradually opened up, as the illustration shows, until one 
of them spread well across the strip, doing so before measurable neck- 
ing-in had occurred. The burnished portion of the edge showed strains 
due to the crevices below it, but remained unbroken up to the develop- 
ment of the bad break. 

Clearly the designer should avoid coincidence of a fractured edge 
and a high stress, either in a severe press-working operation or in a 
part liable to fatigue failure. The hazard may be reduced or avoided 
by taking the severest stress along the burnished portion of the edge, 
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as in the next two cases, or by shaving, burnishing or machining the 
fractured portion of the edge. 

Burring. — Burring is turning out a flange around a hole (usually 
round though not necessarily so) in the bottom or side of a drawn 
article or even in a flat sheet. It is practically the reverse of the neck- 
ing-in operations described in connection with Figs. 106 and 107, as the 

metal is stressed en- 
tirely in tension instead 
of entirely in compres- 
sion. 

In type of tools, 
burring resembles 
single-action drawing 
or cupping. It differs 
in that, instead of the 
side-wall material being 
drawn in from the out- 
side, it is drawn out 
from the inside. To 
permit the metal to 
flow out, a center hole 
must be cut, as shown in Fig. 109, having a diameter {d) sufliciently 
smaller than that of the burr (di) to leave enough metal to form a 
wall of the desired height (h). 

The approximation of the hole diameter, for a burr of desired diam- 
eter and height, is most easily reached by comparison of areas. Thus 
we may write: 

— ^ Trdih = (approx.) 

from which, given di and A: 

d = y/di^ - 4rfi/i (14) 

It is best for accuracy to take di as the mean diameter of the burr, that 
is, the outside diameter less the metal thickness or the inside diameter 
plus the metal thickness. 

The result obtained is close enough for most requirements, though 
not perfectly correct on account of the comer radius and the thinning 
of the metal in the burr wall. This wall decreases from approximately 
the original metal thickness at the bottom, to apj{)reciably less near the 
top, and shows considerable distortion right at the top edge. As dis- 
cussed under necking in, the change in thickness is proportionate to 



Fia. 109. — Burring or forcing out a flange around a 
hole may be performed in several ways according to the 
results desired. 
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the change in circumference that the particular unit ring has undergone, 

and may be expressed: 

<1 = tVdjdx (15) 

The limitation upon the height of the burr formed in one operation 
is the amount of stretching the circumference of the hole will stand 
without cracking. This capacity of metals is indicated, in a general 
way, of course, by the elongation factor in the tensile test. It is a 
function of ductility, best in the unworked or well-annealed state of 
low-carbon steel and other ductile metals. For a smooth edge in such 
material the increase in circumference (or diameter) should not ordi- 
narily exceed, say, 30 per cent. 

Using a proportionality factor (X) to express the relation in diam- 
eters {Xd ~ di), the comparison of areas formula, above, becomes: 



or for 30 per cent stretch, where X = 1.30 

h = O.ldi (16) 


which may be considered the height limit for one operation. 

Although our records do not show cases of raising high walls by two 
or more successive operations. Fig. 109 B, we can see no practical 
barrier to doing so. Local annealing of the severely worked metal 
around the edge will, of course, be necessary. 

Referring back to Fig. 109 A, relatively higher burred walls may 
also be obtained, especially for small-diameter holes, by ironing the 
metal in the wall thinner as the burr is drawn up. The clearance 
between the burring punch and die may be as much as 30 to 40 per cent 
less than the original metal thickness. This will increase the burr 
height by approximately 40 to 65 per cent. The process is closely 
allied to ironing operations performed to reduce the wall thickness of 
drawn shells. Fig. 153. 

Fig. 109 C merely indicates the jagged edge, due to cracks, obtained 
with too great a stretch in one operation. In some cases this is covered 
up and is not objectionable. 

Fig. 109 D shows the combination of drawing and burring for a high 
wall. Metal is first drawn into a cup from the outside, then a hole is 
punched in the bottom and finally the burring operation throws out 
the remainder of the bottom. Here a relatively high side is obtained 
without annealing. Fig. 109 E shows a similar case from eyelet work 
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or the production of spool-ends. The drawn cup is partly opened out 
and partly stamped back to make the straight wall. 

Fig. 109 F illustrates the use of a pointed burring punch, without a 
previously punched hole. The three or four prongs are usually flat- 
tened over in a subsequent operation to join two parts together. Com- 
bination dies, Fig. 109 (?, are also made in some cases, to punch the 
center hole and burr up the sides at the same time. There are disad- 
vantages in this practice where the metal is relatively thin, as the burring 
punch must serve also as blanking die, and the blanking punch must 
enter the die by the height of the burr, both of which conditions make 
for relatively high upkeep charges, especially under, say, 22 gauge. 

At the left of Fig. 109 A is an enlarged cross-section to show the detail 
of the edge distortion in burring. The greatest strain clearly comes 
around the upper, outer edge, and it is there that cracks will start if 
local strains are too great. Referring back to the comments on the 

condition of punched or- '^sheared 
edges, note the greater resistance to 
cracking or greater tenacity of the 
burnished portion of the edge. Accord- 
ingly this burnished portion should be 
around the outside edge. In other 
Fig. IIO.—A flat strip double-curled, words, the hole-cutting punch should 
and a regular curl or false wire, both enter the metal on the same side that 
curling against the burnished edge of jg formed On. If this 

the strip with the burr on the inside . . r i i r 

bf the curl possible, on account of lack of 

room for the die, and detrimental 
cracking results, the condition may be improved by reaming the 
punched hole, burnishing it, filing the fractured portion or possibly by 
punching practically without clearance if the metal is thick enough to 
obtain the burnishing effect in this manner. 

One exception to keeping the burnished edge around the outside of 
the burr is found if the burr is subsequently to be curled out. Then, 
especially if the burr is low enough to permit doing so without cracking, 
the burnished edge should be around the inside edge to favor the curl. 

Curling and Wiring, — In causing the edge of a piece of metal to curl 
around, Fig. 110, the metal is stressed both in tension and in compres- 
sion but rarely so severely as to cause trouble from cracking. The 
object may be to protect a raw edge, to reenforce an edge (of a pail, for 
example), to produce a hinge or handle, to join two pieces of metal 
together as in double-seaming, etc. 

When used for reenforcement or finish of an edge, curling is also 
known as false-wiring. And when a wire ring formed to correct diam- 
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eter is laid in the dies so that the metal curls around it, covering it com- 
pletely and forming a strong “wired edge,’^ the operation is called 
wiring. 

Curling dies are simple in principle, though sometimes troublesome. 
The article must be held rigidly or at least correctly in line with the 
inside of the curling radius of the punch. That radius is ordinarily a 
plain half circle with a diameter of, say, five to ten times the metal 
thickness {bt to 100- Or this may be restated: the inside radius of the 
curl is one and a half to four times the metal thickness A curl formed 
progressively by a roll must apparently be held within a smaller maxi- 
mum than a curl formed in a single stroke in a die. And an inside curl 
must be relatively smaller than an outside curl. 

The relation of the finished diameter of the curl itself to the diam- 
eter of the pail or other article or edge on which it is formed is also 
critical. The smallest diameter of an article on which dies are to form 
an outside curl might be placed at perhaps thirty times the metal thick- 
ness {d = 300- All these figures are necessarily generalizations subject 
to modifying factors, including the condition of the metal and the skill 
of the die-maker. 

The condition of the edge of the article or the way it strikes the 
curling radius is of extreme importance. In regard to the sheared end 
of a piece of metal, it was noted that one side or edge is slightly radiused 
and smoothly burnished, whereas the other edge was sharp and rough, 
often with burrs. In curling, the smooth burnished edge should be against 
the punch radius and the burr should be on the inside of the curl. If this 
is not possible the edge should be “ started or bent-in slightly, in a 
previous operation and in a direction to favor the curl. If one or the 
other is not done there is liable to be excessive wear and a tendency for 
the edge to jam in the radius and buckle or bend the wrong way. 

Fig. Ill shows a characteristic curling or wiring die in a common 
type of wiring press. Owing to the comparatively short working stroke 
required and the relatively great height of the article in many cases, 
most wiring presses have short strokes and are provided with sliding 
die plates, as shown, so that the die may be moved out from under the 
punch to permit placing and removing the article. A few wiring presses 
are built with the so-called outside drive and extremely long strokes to 
permit getting the article in and out without moving the die. They 
are relatively slow moving, however, and inclined to be dangerous. 

Fig. 112 shows a wiring die for a tapered, pieced tin pan. Note 
that the ring around the top of the die is mounted on springs to hold 
the wire ring up into the curl, a feature not required in false wiring. 
Note that, because of the tapered sides, the punch curling ring is made 
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in segments which move in as the curl is made. The grooves in the 
die are to clear the lock seams on the pan body. 

Rectangular shapes 
may be, and often are, 
curled, though this may 
involve occasional dif- 
ficulty from warpage in 
the sides, which pre- 
vents the edges from 
striking the curling 
radius properly and 
causes them to buckle. 
Straight pieces may 
also be curled, as in 
hinges where the metal 
is often supported 
closely on both sides 
right into the curl. Fig. 
110 B, the cross-section 
of a dish-pan handle, is 
an example of a double 
curl on a straight strip. 
The operator places the 
strips the right way for 
curling merely by the 
feel of the burr. In case 
of trouble, the edges of 
such a piece might read- 
ily be ^ 'started,’^ or bent 
slightly in the proper 
direction, by a slight 
angle on the sides of 
the blanking punch. 
Almost any curl can be 
formed in two or three 
steps or bending opera- 

' Fig. Ill . — A ‘^homing and wiring ” press with a wiring ^ illustrated, for 

die cm a slide plate, permitting the curling of deep example, by the bush- 
work with a short stroke. ings and shovel handle, 

Figs. 90 and 91. 

I^gressive curling with rolls regularly requires several revolutions 
of the woric relMive to the roll to bring the curl in gradually. The 
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wider the flange is in comparison with the metal thickness, the greater 
are the number of revolutions required. Fig. 113 shows the delation of 
the roll to the work on a spinning lathe. The roll is mounted on a tilting 
rest so that it approaches the work in the plane of the flange to be curled. 



Fio. 112. — A true wiring die for a tapered pan. 


Note the cutters, on the other end of the tilting rest, which prepare the 
edge for curling, and which are so mounted in relation to each other and 
to the flange that the burnished edge of the trimmed flange will be on 
the right side to favor curling and the burr will be on the inside of the 
curl. 



Fig. 113. — Trimming in the proper direc- Fig. 114. — Curling-in a started edge with 

tion followed by curling as performed on five rolls on an adjustable curling disc, in 
a spinning lathe. conjunction in this case with double 

seaming on the other edge. 

Similarly flanged shells may be curled also in machines of the type 
shown in Figs. 99 and 100. Flanged screw caps and the like are curled 
on small fast machines which are related to these in principle. Note 
that flanged caps which are blanked and drawn in one operation in 
single-action presses, with drawing attachments under the bolster, 
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naturally have the edge sheared in the proper direction to favor 
curling. ' 

Fig. 114 illustrates the use of sets of rolls for curling in the edges of 
various slip-cover cans. In almost all such cases a started edge is 
required to favor the curl. The rolls, mounted either in fixed position 
or adjustably on a curling disc,’’ may be mounted in automatic 
machines for curling only, or for trimming, beading and curling, or may 
be arranged on double-seaming machines for curling the top edge of the 
can while the bottom is being double-seamed. 

The double-seaming process itself involves curling in the first oper- 
ation. As shown in Fig. 115, the flanges of the can end and body must 
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Fig. 115. — The first or curling opera- 
tion and the second or closing opera- 
tion in double seaming. 


Fig. 116. — The curled, started edge on can 
ends for automatic stacking and feeding, 
and for protection of the sealing compound. 


be curled together preparatory to the final flattening down. A curling 
roll is ordinarily used, having a groove modified from the conventional 
half circle as indicated. Instead of a roll, some patented automatic 
machines use a curling ring for the first operation, with approximately 
the same profile, on its inner face. The ring is larger than the can and 
revolves eccentrically about it, offering a better angle of incidence 
between the flange and curling surface than can be obtained with rolls. 

Fig. 116 illustrates the curled edge ” on can ends to protect the 
sealing compound and to permit stacking and feeding them automat- 
ically. Such ends are drawn or stamped with a started edge and then 
curled between a large-diameter wheel and fixed ring or between two 
rolls having sHghtly different peripheral velocities. 

Calleson dies (World Specialty Co., Merrick, L. I.) produce drawn 
shpcovers with curled edges. Combination blanking and drawing (with 
air cushion below) is completed on the down stroke. As the up stroke 
begins, a curling groove in the blank-holding ring co-operates with 
a pressure pad (approx. 760 lb. per in. of diam.) to outside-curl the edge. 
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COLD-WORKING OF PLASTIC METALS 

Metals must be more or less plastic to be able to undergo press- 
working operations. Zay Jeffries has defined plasticity as “the qual- 
ity by virtue of which a substance may undergo a permanent change 
in shape without ruptured Plastic properties vary both with tempera- 
ture and with the particular metal. In cold-working, plasticity is 
reduced, by the operation, to an extent which depends both upon the 
severity of the operation or amount of cold- working, and upon the rate 
at which such cold- working sirain-hardens the metal. The removal 
of the resultant strain-hardening is, or may be, accomplished by anneal- 
ing or recrystallization. This restoration of the metal to its original 
state completes what might be referred to as “the plastic cycle.” 

Throughout the trade, many instances will be found in which the 
metal must traverse the plastic cycle several times during its fabrication. 
Thus, in producing an extruded cartridge case: cold-rolling to final 
thickness strain-hardens the metal; recrystallization (annealing) renders 
it plastic again; blanking and drawing the cup causes strain-hardening; 
recrystallization restores plasticity, extrusion (and trimming) causes 
severe strain-hardening ; recrystallization is limited to produce semi-hard 
wall structure; coining the primer recess and rim strain-hardens the 
bottom; local recrystallization may be required. The foregoing list of 
operations is not complete or universal, but illustrates different opera- 
tions producing essentially the same effect, and suggests the importance 
of strain-hardening concepts in the plastic working of metals. 

Metal-working theory must always start from the internal structure 
and change of structure of the metal. Fig. 117 represents another effort 
to illustrate the atomic pattern in a group of crystals in an unstrained 
(annealed) metal. It represents each atom as a uniform grouping of 
electrons relative to a core in such a manner as to suggest the polarity 
which aids sufficiently hot free atoms to orient themselves in proper 
relation to other atoms grouped in the stronger field which their combina- 
tion gives to the crystal. A number of crystals of random orientation 
are suggested. In any of them a number of paths at different angles 
might be selected for free slip-plane movement without serious disturb- 
ance of adjacent atoms. Again considering the whole group of crystals, 
it is possible to select paths at different angles across the whole mass, 

121 



122 


COLD-WORKING OF PLASTIC METALS 


which would follow free slip planes through one crystal after another 
without departing very much from the original direction. 

Actually there are many more electrons per atom in the common 
metals, and many more atoms per crystal, in the usual state. Never- 
theless the basic cycle remains of starting with the orderly arrangement 
of the annealed structure; changing the shape of the metal by many 
tiny slip-plane movements which gradually distort and harden the 
structure; and then restoring the unstrained orderly arrangement by 
reannealing at such temperature that the atoms are sufficiently ener- 
gized to twist themselves again into unstrained relationships in their 
new positions. 



Fia. 117. — Diagrammatic illustration of atom arrangement in unworked crystals 
of random orientation, and of paths available for slip-plane movements. See also 

Figs. 9, 16 and 128. 


Experiments in Strain-Hardening. — To demonstrate certain ideas 
regarding the changes in physical properties of plastic metals subjected 
to cold-working,^ a series of experiments were performed upon a sample 
of Tobin bronze rod. 

The recorded test curves, such as one which was shown in Fig. 15, 
wjbich was the original for Fig. 118, were drawn on an Olsen recording 
testing machine. Tensile specimens were turned up to standard speci- 
fications with 0.505-in. body diameter. Compression specimens began 
approximately 0,702 in. in diameter by 0.645 in. high. Annealing was 
performed in an electric furnace at 1100° F. for hour with cooling in 
the furnace. Brinell hardness numbers ranged about 132 as received, 
95 annealed and 185 maximum reached in tests. 

It was desired to demonstrate that the same amount of cold-working 
would strain-harden the same metal to the same extent, whether the 
metal started out in an annealed state or not and whether the work 
performed was tensile or compressive in nature. 

In such a case a curve can be established for any given metal, at 
any given temperature (as normal room or shop temperature), to be 
known as its rate of strain-hardening curve. This curve must show 

V. Crane, ** Metal Working in Power Presses,'' A.I.M.M.E., Feb., 1981. 
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the change in resistance offered by the metal to deformation, as com- 
pared with the amount of deformation. The coordinates used are laid 
out with pounds per square inch as a measure of resistance on one coor- 
dinate and per cent reduction in height or thickness or area on the other. 

For use in comparing tensile and compressive changes the scale in 
Fig. 18 was shown, 
with explanatory 
notes in the discus- 
sion of ^^Compressive 
and Tensile Move- 
ment,’^ in Chapter 
II. 

Fig. 118 shows 
the first of the re- 
worked experimental 
curves. The orig- 
inal curve, Fig. 15, 
as recorded by the 
testing machine, 
showed the total 
pressure or resistance 
in pounds plotted 
against compression 
in inches. Change 
of height in inches 
was easily changed 
to per cent reduc- 
tion from the original 
height. But as the 
slug or blank was 
squeezed shorter its 
cross-section area in- 
creased, giving an 
unduly rapid rise to 
the curve. Therefore 
the approximate cross-section area was computed for each step by 
dividing the volume of the slug by its measured height. It is now felt 
that a truer value would be that at the mid-section or largest diameter. 

A similar process was applied to reworking or correcting the com- 
pression test curves in Fig. 119. Curves 3 and 5, as recorded, show 
pressures in pounds. Corrected, they show unit stress in pounds 
per square inch. Curve 3 was an annealed sample. Curve 6 was the 



Fig. 118. — Progressively increasing yield point and 
rising hardness as the metal (Tobin bronze) is cold- 
worked in compression, then reannealed and cold- 
worked again (Fig. 15). 
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cold-drawn rod as received. Curve 3 was run continuously without 
interruption. Curve 1 (Fig. 118) was run intermittently, in easy 
stages, yet the outline of the two recorded curves (1 and 3) was almost 
identical. 

The step-by-step test in Fig. 118 was designed particularly to illus- 
trate the progressively increasing yield point. At each new stage of 
compression the stress rises elastically to the last high point. There 

strain-hardening is 
resumed, and the 
new test follows the 
outline of the plastic- 
working curve. 

Each successive 
operation strain- 
hardened the metal 
farther, beyond the 
point where the last 
one left off, until the 
resistance offered by 
the metal rose to 
about 115,000 lb. per 
sq. in. This was 
approaching the 
actual ultimsiie tensile 
strength (Table I) for 
this material, so that 
internal fractures 
might properly be 
Fig. 119. — Recorded compression test curves for annealed expected Accord- 
(3), and approximately quarter-hard (5) Tobin bronze, • i xi- i 

then recalculated to show actual unit stress. ^ 

reannealed and the 

yield point fell again below 30,000 lb. per sq. in., indicating restoration 
of plasticity. The compression test was then resumed with results 
similar to those obtained in the first series. There was one difference, 
however. The plastic curve rose more steeply because the slug was 
now much thinner in proportion to its diameter than before. The 
effect of relative proportions upon compressive resistance will be dis- 
cussed at some length in Chapter X. 

In order to obtain an origin for the rate of strain-hardening 
curve/' or plastic-working curve, which would be independent of the 
degree of recr 3 ^tallization obtained, the straight portion of the plastic- 
woridng curve (as corrected to unit stress) was continued down to the 
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zero yield-point line. See also Fig. 15. The per cent reduction read- 
ings were then corrected to bring this zero yield point to the origin as 
shown in Fig. 118. 

The relation of unit stresses and of relative movements in opposite 
directions, that is in tension and compression, is of extreme importance 
to this argument. On the individual slip plane, recrystallization estab- 
lishes an unstrained or equilibrium condition. A distortion or slip in 
either direction from ^ 

this position might ' 1 T 

properly be expected 
to meet with iden- 

tical resistance, so / 

far as the individual /// 

crystal is concerned, /// 

Change in the || jf/ 

length of a rod be- ^ // 

tween 5 and 4 in. Ul 

might be described '^\ jl 

either as 25 per cent n 

elongation or 20 per // 

cent reduction, n\ 

depending upon di- 3c.i?oo_ ^ 
rection. Assuming /(L 

an identical uniform ' 
and unstrained struc- j 

ture in each case, the 1/ I I 

initial yield point, or o h 20 so 40 so so sc? qo /ao 

unit stress to start 

r « ^ I I — I 1 — I — rn 

movement in either ^ /o 20 so 4<? 50 75 m /sc 200 300400 

direction, should re- 

suit in a common — Assembly of compression and tension tests of 

V annealed and unannealed Tobin bronze to show common 
though higher, umt strain-hardening (from Figs. 118, 119 and 121). 

stress at the end of 

the movement. Unit stress, pounds per square inch, is emphasized 
for the obvious reason that tensile movement decreases the cross- 
section area and thereby tends to decrease the total stress. Similarly 
compressive movement increases the section area and with it the total 
stress. In this connection, note the difference in outlines of the as 
recorded ” curves in Figs. 119 and 121. 


2Ct 30 40 SO OO TV SO 90 /OO 

Cbn/' ^<cc/c/c://or2 /n //c/cf/fT' »/" 

“T I — TT 1 1 1 1 — rn 

20 so 40 SO 7^ /»0 /SO 200 300400 
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Fig. 120. — Assembly of compression and tension tests of 
annealed and unannealed Tobin bronze to show common 
rate of strain-hardening (from Figs. 118, 119 and 121). 


If these premises are correct, it should be possible, by using a com- 
mon measurement for movement, to superimpose tensile and compres- 
sive unit stress curves as in Fig. 120. 
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As suggested by the appearance of Fig. 118, samples of the same 
metal, which have undergone different amounts of cold-working, should 
have stress-strain curves the plastic portions of which should coincide 
along a common rate of strain-hardening curve. The point at which 
they join this curve would be more or less indicated by their initial 
yield point. 

Accordingly, the outline of curve 1 in Fig. 118 was transferred to 
Fig. 120 as the basic rate of strain-hardening curve for Tobin 



Fia. 121. — Tensile tests of Tobin bronze as received and annealed with relocation to 
unit stress and per cent change. 


bronze (at room temperature). On this were plotted the corrected or 
true stress curves for the tensile and compression tests of both annealed 
and unannealed samples. For this purpose, the curves had to be shifted 
to suitable starting positions, which necessitated a correction of all 
per cent reduction ” readings, increasing the st^pness of the curves. 
The resultant grouping seems reasonably close. 

Inaccuracies of method may account for such discrepancy ^ did 
occur. Machine friction and play give inaccuracies in the recorded 
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curves which, in turn, are rarely sharply drawn lines. Vital dimensions 
cannot always be obtained precisely. Curves must be replotted and 
relocated several times with slide-rule calculations. 

The tensile-test curves 2 and 4 were transferred from Fig. 121, using 
the unit-stress (corrected) curves with a further correction necessitated 
by the substitution of per cent reduction for per cent elongation (Fig. 
18). The first part of these curves, up to the point where general elonga- 
tion ceased and necking began, was easily corrected.^ Curve points have 
since been obtained during the necking period by taking step-by-step 
readings of the load and the corresponding neck diameter. This portion 
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of strain-hardening at room temperature for several metals, per Table XXVIL 


of the curve was approximated, however. The final dialneter at the 
neck and the final load locate the end of each curve. 

Strain-Hardening, Rate and Limits. — With somewhat further 
development of technique and accumulation of data, the strain- 
hardening curves for a number of metals would be likely to take about 
the form shown in Fig. 122. These curves are designed to give a theo- 

* See Article 29 on the relation between “Actual and Nominal Stress Intensity*^ 
in “Strength of Materials’^ by Arthur Morley, Longmans, Green & Co., 1928. 
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retical yield point for the material in any state of strain-hardness and 
the change in yield point which will accompany any further amount of 
cold-working. Each curve is limited to properties and to work per- 
formed at room temperature (say 60 to 80° F.) and to a given metal, 
such as commercially pure aluminum, electrolytic copper, 0.10 C steel, 
etc. The extent of each curve should indicate the upper and lower 
limits of the plastic range for the particular metal. 

The lower limit of the curves should represent either normal or best 
commercial practice in annealing the metal. Obviously this cannot be 
a precisely fixed point as annealing practice varies widely. In fact, 


g 60,000 
=1 

^ 50,000 

s. 

^ 40,000 

c 

£ 30,000 



0 10 20 30 40 50/B0/70 80 90 100 

J 

30 40 50 /60 /70 80 90 100 


Fig. 123.— i 
samples of ( 
slip 


10 20 30 40 50 60 70 80 90 lOO 

Per Cent Reduction in Thickness 
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_ that is the reason that 
each strain-hardening 
curve is extended from a 
theoretical zero at the 
origin, as suggested by the 
. dotted line in Fig. 123. 
Possibly zero is a proper 
value for the yield point 
80 90 100 of metal annealed to the 
J ultimate perfection of 
' the single crystal. Zay 
Jeffries ^ has commented 
that unexpectedly small 
90 100 ^ loads will deform single 

elated shows 

all s^^ongths for copper 

of 30,000 to 60,000 lb. per 


sq. in., yet according to 
Jeffries, ''a single crystal of copper % inch in diameter and long 
enough to grip can be bent without difficulty in the two hands.'' And 
for a single crystal, of magnesium wire ‘‘ the elastic limit is so low 


as to be hardly measurable." At the temperature of liquid air, — 190° F., 
'‘it remained so soft that it could be bent with scarcely any effort.” 

The single crystal in a piece of metal of any size is rarely realized. 
In commercial annealing a limited crystal size is usually desirable, as 
the growth of extremely large crystals is likely to take place in limited 
areas, under conditions of favorable strain. As a result, these local 
areas would be relatively softer and weaker than the remainder of the 
article. The subject of annealing will be discussed in some detail in 
Chapter IX. 


The upper limit of the strain-hardening curves has been ably 
8 Zay Jeffries, ^‘On the Plasticity of Metals , Mechanical Engineering^ April, 1931. 
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described by R. L. Templin,^ and an illustration of the phenomena 
which he mentions occurs at the upper end of curve 1 in Fig. 123. 
^^When there is a marked increase in the rate of strain-hardening the 
explanation appears to be that most of the available crystal slip planes 
have been utilized and there is a preferred orientation of grains through- 
out the material, with the result that further working tends to make the 
metal brittle but at the same time causes a marked increase in tensile 
strength. If beyond the transition point there occurs a marked decrease 
in the rate of strain-hardening we usually find that the material has 
begun to fail by internal shear resulting not only in brittleness but also 
in decrease in tensile strength.’^ 

Curve 1 in Fig. 123 was arranged from a cold compression test of 
slugs of electrolytic copper rod, as received. The original test curve, 
Fig. 186, was plotted from over one hundred readings. The final 
slug. Fig. 187, showed marked tensile fractures around its periphery. 

If curve 1 had represented a tensile test, failure would have occurred 
in the early part of the transition, where all available slip planes had 
been used up and internal fractures were starting. Thus the ^^ipper 
limiC’ of strain-hardening curves is approximately identical with the 
^‘actual ultimate tensile” expressed as a true unit stress. 

The initial yield point obtained in any test may show considerable 
eccentricity, as in curve 1, Fig. 123. Here the sharp rise above the rate 
of strain-hardening curve is attributed to the fact that the test was 
compressive in nature and was being performed upon material which 
had previously been cold-worked in tension. Thus it might be expected 
that the original material would contain many layers of atoms slightly 
strained or offset in one direction from the equilibrium condition. 
Loading in the opposite direction should then cause a reverse movement 
along the same slip planes. As soon as the yield point is passed the 
atoms would move back toward equilibrium and then beyond it, with 
an actual reduction in resistance before the rise begins again, as is shown 
in the figure. It is also common to find an initial yield point occurring 
below the rate of strain-hardening curve, as in the annealed material 
in Fig. 118. 

A perfect yield point, theoretically, would be a s|iarp point of junc- 
tion between the elastic and plastic curves. This is demonstrated 
(above 15 per cent reduction) in Fig. 118. There, in each successive 
test, the stress rises elastically to the rate of strain-hardening curve, at 
which point a sharp change occurs, that is, the metal yields and begins 
to move plastically. Elastic limit and yield point are here, clearly, 

* R. L. Templin^ '^Effects of Cold Working on Physical Properties of Metals,'^ 
Trans. A.I.M.E., 1929, p. 238. 
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the same thing. This also suggests that the plastic or strain-hardening 
curve might also be designated as the yield-point curve. 


Ill 
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Fio. 124. — Per cent change in physical properties of aluminum due to cold-working. 

( R. L, Templin.y 

The straight-line form of the plastic curve, between the upper and 
lower limits which have been described, seems reasonably demon* 

*8ee footnote, p. 129. 
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strated. An excellent illustration of it is given in Fig. 124, which is 
reproduced from Mr. Templin’s paper on the effects of cold-working. 
He has there shown the changes which take place in various physical 
properties of aluminum as the metal is cold-worked. The curves 
shown are compiled from a large volume of test material. 

The use of such strain-hardening curves as are shown tentatively in 
Fig. 122 may be illustrated by Fig. 125 and the sample shells shown in 



Per Cent Reduction 

Fig. 125. — Strain-hardening during successive redraws of steel in walls of shells 
shown in Fig. 126 to illustrate formulae 17, 18 and 19. 

Fig. 126. The first shell was blanked, drawn and annealed. It was 
then reduced in two drawing operations without an intermediate.anneal 
by an amount which totals 59 per cent reduction in diameter. It is a 
commercial operation performed on a low-carbon deep drawing steel, 
cleaned before annealing, annealed in a continuous furnace and pickled 
thereafter. 

For purposes of comparison and example the steel may be taken as 
S.A.E. No. 1010; carbon content, 0.06 to 0.15 per cent; elongation in 
2 in., 30 to 40 per cent; reduction in area, 55 to 65 per cent; and com- 
mercial yield point, 28,000 to 36,000 lb. per sq. in., according to standard 
specifications. 
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The strain-hardening of the steel at room temperature is assumed, 
from rather meager present data, to lie along the line 0-110,000, Fig. 125, 
and between the approximate limits of 50,000 lb. per sq. in. as commer- 
cially annealed and 90,000 lb. per sq. in. ultimate. The lower limit 
refers of course to the theoretical yield point at the junction of the 
elastic and plastic curves or lines. The common test yield point would 



Fig. 126. — A steel shell (under 0.10 C) is blanked and drawn, then annealed, then 
redrawn in two steps which total a reduction of 59 per cent, which is equivalent in 
working to 144 per cent elongation. See Figs. 19 and 125. The two lower shells 
illustrate the progress of the metal through the two-step reducing dies. See Fig. 

148e. 

be likely to be lower than this, as given. The upper limit corresponds 
relatively to the 65 per cent reduction of the specifications. 

For computing operations: 

S2 -Si S3 - Si. 

~ s.- Si S.-Si 

52 ^ Si + - Si) 

5 3 = Si + ri-3(Sjc — Si) 


(17) 

(18) 


hence 

and 
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in which 

51 = theoretical initial yield point, pounds per square inch; 

5 2 = final yield point or unit stress, not taking into account possible 

pyramiding of pressure in closed dies or because of relatively 
thin material; 

Sx = theoretical extreme stress, or modulus (measure) of strain- 
hardening; 

r = per cent reduction in the particular operation, expressed as 
a decimal (see also Fig. 18) ; also easily read by construc- 
tion, Fig. 125; 

Vn = overall total of a series of reductions (ri, r2, etc.), which is com- 
parable with per cent reduction in the tensile test to indicate 
whether the series is safe without intermediate annealing. 

Tn = 1 — [(1 — ri) X (1 — ^ 2 ) X (1 — r^)] (19)* 

The example illustrated by Figs. 125 and 126 may then be solved to 
’ discover the extreme unit stress, Ss, in the flange of the shell during the 
last reduction. The total reduction, rn, accomplished without annealing, 
has been given as 59 per cent. The initial theoretical yield point, Si, for 
the commercially annealed metal should be the lower limit of the 
strain-hardening curve. Therefore : 

>83 = + n^siSx ~ >Si) 

= 50,000 + 0.59(110,000 - 50,000) 

= 85,400 lb. per sq. in. 

This final stress is getting close to the upper limit of plasticity at 
which all slip planes have been used up and fractures start. In fact, 
micro-examination of a last-operation shell did show small fractures 
in the cross-section of the wall. The 59 per cent reduction in diameter 
(by compressive action) may be compared directly with the 55 to 65 
per cent reduction in area at which a tensile fracture may be expected, 
according to standard specifications for this material. 

The specified general elongation in 2 in. of 30 to 40 per cent is equiva- 
lent, according to Fig. 18, to a reduction in area of only 23.1 to 28.6 per 
cent. Such a reduction would bring the unit stress up to only 64,000 
to 67,000 lb. per sq. in. in Fig. 125, so that obviously most of the plastic 
working is being done in the necking range of the ordinary tensile test. 
The 59 per cent reduction, attained in the last draws of shells shown in 
Fig 126, corresponds to an elongation of 144 per cent, an amount which 

* Use also Chart V on p. 388 for this calculation. 
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is well up toward the ultimate elongation suggested in Fig. 19 for 0.10 C 
steel. 

Table I, in Chapter II, summarizes the plastic physical properties 
of Tobin bronze as indicated in the experiments which have been 
described in this chapter. It also gives four sets of test values obtained 
both in tension and in compression for four points along the plastic 
curve for this metal, in Fig. 122. These values check reasonably 
closely, too, with theoretical yield points obtained by formula 19, using 
= 255,000. 

According to the brass scale of tempers (see Table IX), a quarter- 
hard metal undergoes about 1 1 per cent reduction by cold-working from 
the soft or annealed state. By formula 18 and the test data available a 
quarter-hard Tobin bronze should have a theoretical yield point of 
about 50,000 lb. per sq. in. This would seem to indicate that the mate- 
rial listed in the second column of Table I was received in the quarter- 
hard state. The positions of the several tempers can be indicated upon 
the plastic curve of any metal in much tlie same manner as they are 
indicated on the nominal tensile curve in Fig. 127. 

The value of locating the position of the tempers upon the plastic 
curve should be considerable in laying out further operations. Thus 
it will be possible to select the hardest temper which will prove satis- 
factory for an operation requiring a given amount of cold-working. 
Or the amount of work that can be performed upon metal of a given 
temper, before annealing is required, may be approximated. 

The Plastic Cycle. — It was mentioned earlier in the chapter that 
metal may be required to traverse the plastic cycle a number of times 
in the course of its fabrication. Cold-working strain-hardens it to the 
limit of its plasticity. Further working would then create fractures, 
internal or external, which only complete remelting could remove. 
Annealing must therefore be resorted to, to recrystallize the structure 
of the metal and restore its lost plasticity in preparation for the next 
operation. Under most circumstances and with proper care this cycle 
of strain-hardening and recrystallizing may be repeated any number 
of times. 

An excellent illustration of the plastic cycle is shown in Fig. 127.^ 
Here a 67 : 33 brass, which had been strain-hardened by cold rolling to 
“ spring temper (approximately 60 per cent reduction), was annealed 
to restore its plasticity and then cold-worked by drawing to the same 
reduction and the same temper. Several tempers of the brass scale are 

® Arranged from research data furnished through the courtesy of Mr. R. S. Pratt 
and the Bridgeport Brass Co. 
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indicated in their normal relation to the per cent reduction to indicate 
what the physical properties are in each case. 

It has been mentioned that the nominal ultimate tensile strength ” 
is neither a true ultimate nor a unit stress. The actual ultimate unit 
strength would be practically unchanged throughout the cold-work 
range and would be much higher than the maximum nominal value. 
The latter is really an inverse measure of the remaining plasticity of the 
metal in any particular state. That is, the more the metal has been 
worked, the less it will change in area before all slip planes are used up 



Fig. 127. — The plastic cycle. Changes in properties from spring temper through 
recrystallization to soft temper and then through cold- working to spring temper again. 

(After R. S. Pratt)^ 


and fracture occurs. That means a larger final area and therefore a 
larger total load. As this increasing load is divided by the original area 
(a constant), the result is an apparently increasing strength. 

The cold-working, however, does increase the elastic limit, which is 
of interest for static designs, and also the slightly higher yield point, 
which is the vital figure in plastic-working. 

Elastic limit and yield point would be rather difficult to measure 
progressively in such a test, and although they change more rapidly 
than the nominal tensile strength, the latter does give an idea of the way 
in which they change. (Note that Fig. 121 shows a comparison of 
nominal and actual plastic values in the tensile test. The lower curves 

* See footnote, p. 134. 



136 


COLD-WORKING OF PLASTIC METALS 


show actual unit stresses based upon the changing area as the metal 
stretches and is strain-hardened.) 

Thus, in Fig. 127, exposures at the lower temperatures do not affect 
appreciably either the nominal tensile strength or the yield point. 
After an anneal at the critical temperature both drop suddenly. Anneal- 
ing at temperatures beyond it causes a further gradual drop in both. 
Wherever this process is stopped, the yield point will have become lower 
than the nominal ultimate. As the material is cold-worked the theo- 
retical yield (which may differ somewhat from the actual yield point in 
the lower values) will rise along a practically straight line until it joins 
the nominal and actual ultimate at the plastic limit if the cold-working 
is carried that far. In fact, however, the end of the drawing test (solid 
lines) is indicated at the same per cent reduction as was applied in 
rolling. It will be noted that the tensile strength and elongation are 
then the same in value as they were after rolling and prior to recrystal- 
lization. 

Fig. 7 illustrated the plastic cycle for copper, except in the reverse 
order. That is, cold-working was shown first and annealing afterwards. 
The figure also showed per cent reduction in area, which is a true ulti- 
mate value and is therefore better suited to gauging plasticity than 
elongation in 2 in. 

The Cycle dnd Metal Structure. — The foregoing discussion of the 
plastic cycle has dealt with changing physical properties, which are the 
outward evidences of cold-working and recrystallization. Next in 
order is a r^sum4 of the effects of the cycle upon the structure of the 
metal itself to show more clearly why the physical properties change as 
they do. 

A sample of any plastic metal in its cold-working range will be built 
up of a tremendous number of individual crystals of all shapes in random 
arrangement. The average size of these crystals or grains may be large 
or small according to the time and temperature of the last previous 
anneal. The internal structure of each individual crystal, in the 
annealed state, will be an orderly array of atoms, uniformly spaced 
according to the lattice pattern of the particular metal. Cold-working 
of the metal will cause distortion or change of shape by many slight 
movements in each crystal. The movements take place along the slip 
planes or planes of weakness between layers of atoms. 

Fig. 128 shows a photomicrograph at 200 magnifications of a 70 : 30 
brass which had been cold- worked to “ extra hard temper. The 
outlines of the old crystals can be distinguished in many places, and in 
each crystal are evidences of slip-plane movement along many parallel 
lines. This is a section of the wall of the fourth draw in the production 



THE CYCLE AND METAL STRUCTURE 


137 


of a small arms cartridge case. The metal had been annealed after the 
previous operation to “ soft temper.” This would bring crysials to 
the size shown by the old grain outlines, but their structure would be 
uniform and unstrained. The 50 per cent reduction in wall thickness 
was accomplished by ironing, which differs from both drawing and 
rolling, though the effect upon the metal is substantially the same. 
This example is sufficiently similar to that covered by the curves in 
Fig. 127 so that the two may be used together to illustrate a more detailed 
review of the plastic cycle from the structural viewpoint. Reference 
should be made also to the excellent series of photomicrographs by 
Bassett and Davis which are 
shown in Chapter IX (Fig. 180) 
and which show the changes in 
grain size and condition, for 
substantially the same brass, 
from the strain-hardened state 
through recrystallization and 
grain growth to a very large- 
grained, unstrained structure. 

Starting as in Fig. 127 with 
the severely strained structure 
shown in Fig. 128, the tempera- 
ture may rise to about 400^ F. 
before any change is noticeable. 

The metal is alpha brass (Fig. 

13), a solid solution, and the 30 
or 33 per cent of zinc atoms are 
occupying positions in the cop- . 
per space lattice. The uni- 
formity of the original pattern has been badly distorted by the cold- 
working, and spacings between atoms are no longer uniform in all direc- 
tions. Therefore forces between atoms are not nicely balanced as 
they are in the equilibrium condition, and internal strains exist. 

The atom of copper has 29 negatively charged electrons moving 
(in a definite pattern) with relation to its positively charged nucleus. 
The atom of zinc has 30 similar electrons in a slightly different pattern. 
It is naturally a httle larger and distorts the normal copper lattice to 
some extent, so that the brasses are less plastic than pure copper. 

As more and more heat is applied the movement of the electrons 
becomes more violent, and the sphere of the atom and with it the whole 
volume of the metal increases or expands (slightly). It will be remem- 
bered that electrostatic forces of attraction and repulsion maintain such 
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spacings between the constituent parts of the atom group that the effec- 
tive diameter of the unit is many thousand times that of the electrons 
which go to make it up. 

When the temperature passes the critical range, as indicated in 
Fig. 127, the activity of the electrons is sufficient to permit the atom to 
rotate itself into a less strained position with respect to those surround- 
ing it. The result is a disappearance of the old boundary lines and 
slip lines in Fig. 128. 

With longer time at this temperature or with higher temperature 
the atoms tend to group themselves into larger and larger (unstrained) 
crystals. That is, the arrangement of the 29 elect rons of the copper 
atom appears so to combine their forces as to produce definite direc- 
tional properties. These forces cause copper atoms to arrange them- 
selves in the face-centered cubic pattern illustrated in Fig. 9. There- 
fore, so long as the temperature gives them sufficient freedom, the 
individual atoms and smaller groups of atoms may be expected to rotate 
themselves into alignment with the polarity of the larger and 
stronger groups. That is grain growth. 

In Fig. 127, the old grain boundaries divsappeared at little over 500°. 
Anneals at higher temperatures produced larger grains until the 1000° 
anneal produced an average diameter of 0.040 mm., which corresponds 
to the soft temper '' rating. Had this annealing been continued at a 
higher temperature or for a longer time the grain size would have become 
much larger and the tensile strength decreased even farther. Grain 
growth is arbitrarily checked at soft temper, however, to avoid exces- 
sive local weakness due to over-large crystals, and to avoid an undue 
tendency to wrinkle which appears in drawing the large-grained metal. 

It may be noted that forces between atoms are of such magnitude 
that we cannot normally pull them apart or push them together. Such 
forces, it has been shown, are very far in excess of the usual ultimate 
tensile or compressive strengths. The movement then is a transverse 
slippage in the individual crystal at an angle to the outside force, as 
suggested in Fig. 16. 

But the metal is made up of many separate crystals of different 
sizes, which have their lattices or layers in many different directions 
depending upon the hit-or-miss growth and working of the crystal. 
Any continuous movement through the whole piece of metal must then 
find its way, through the most favorably placed slip planes, from crystal 
to crystal. After a relatively small movement, interference is encoun- 
tered with an adjacent crystal which is differently oriented, and further 
slippage must take place along another plane or in another crystal. 

Clearly, the larger the individual crystals, the less frequent are these 
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interferences and the smoother and easier is the path of any movement. 
Or the smaller the crystals and more frequent the boundary resistance, 
the harder we find the metal and the greater is its resistance to cold- 
working. Thus Fig. 129 illustrates the change of hardness with grain 
size. A second curve shows the change in grain size with temperature. 
These data were obtained by subjecting annealed alpha brass (68 : 32) 
to 50 per cent of cold-working and then testing specimens after 30- 
minute anneals at different temperatures. Compare it with the grain- 
growth period in Fig. 127. 

To whatever point grain growth may have been carried, cold-working 
will begin to strain-harden the metal at once as indicated at the right in 
Fig. 127 and by the Brinell hardness curve in Fig. 118. The individual 
slip movement in any crystal may 
vary from something less than the 
diameter of a single atom to 5000 or 
more atom diameters. The action 
of each slip-plane movement may be 
merely to offset one whole section or 
layer of a crystal with respect to 
another, or it may cause a twisting or 
rotation of atoms or groups of atoms 
along the path of the movement. Its 
effect therefore is destruction of the 
continuity of the original crystal struc- 
ture. In the case of severe working, 

Fig. 128, it may be described as shattering this structure into frag- 
ments, since the first application of heat above the critical tempera- 
ture releases all strains and causes the old grain boundaries to give 
place to quantities of new tiny symmetrical grains (not layers of the 
old grain). The term fragments should not suggest tearing apart, as 
actual fractures cannot be cured by recrystallization, nor should they 
appear until cold-working has been carried so far that all available 
slip planes have been used up. 

The structural plastic cycle is then a case of gradually destroying 
continuity of the individual crystal structure through slip-plane move- 
ment, and then rebuilding new unstrained grains through recrystalliza- 
tion and grain growth. 

Ductility Differences in Metals —Some metals strain-harden more 
rapidly than others. That is, they reach a limit of endurance and require 
recrystallization after they have been worked by a smaller amount than 
others, whether the work be done in reduction or extension. 

Ductility and malleability are qualitative terms ascribed to a capac- 
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Fig. 129. — The effect of temperature 
upon grain size, and of grain size 
upon hardness. 30-minute anneals of 
68 : 32 brass cold-roiled 50.9 per cent. 
(After Bassett and Davis) 
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ity to withstand considerable cold-working in tension and in compres- 
sion, respectively. In the following tabk' the order of ductility and of 
malleability of the several metals is as given by Jeffries and Archer, 
and Fulton. The differences in order between ductility and malleabil- 
ity are ascribed to differences in tensile, or what might be termed cohe- 
sive properties of the metals. Most cold press-working operations set 
up combinations of tensile and compressive stresses in the material. 

Table XI 


Order of Ductility 

Order of 
Malleability 

Type of Crystal Lattice 

Atomic 

Number 

Gold 

1 

Face-centered cubic 

79 

Silver 

2 

Face-centered cubic 

47 

Platinum 

6 

Face-centered cubic 
Body-centered cubic 
Face-centered cubic 

78 

Iron 

9 

26 

Nickel 

10 

28 

Copper 

3 

Face-centered cubic 

29 

Aluminum 

4 

Face-centered cubic 

13 

Zinc 

8 

Hexagonal close packed 
Body-centered tetragonal 
Face-centered cubic 

30 

Tin 

5 

50 

Lead 

7 

82 

Magnesium 

11 

Hexagonal 

12 



® Face-centered cubic between 1650° F. and 2550° F. See Fig. 133a. 


The metals and their alloying elements crystallize in a half dozen 
or more different space lattices. These are the uniform geometric pat- 
terns in which the atoms naturally arrange themselves in the individual 
crystals of a metal. Of these possible arrangements the face- 
centered cubic lattice ” is the simplest and the one lending itself most 
easily to cold-working as it offers the most planes of weakness or groups 
of slip planes at different angles to each other. Note the predominance 
of this pattern among the ductile metals. The body-centered cubic 
lattice is next, and it will be noted that iron takes a place very near 
the bottom in the malleability table. It may also be noted again that 
alpha brass, which is quite ductile and malleable, shows the face- 
centered cubic pattern. This pattern changes, however, as the per- 
centage of zinc increases (beyond about 35 per cent) and at the same 
time much of*the ductility disappears. 

The lattices of zinc and tin do not lend themselves to cold '' 
working. But here it should be noted that the lists above are a relative 
grading at normal room temperatures, and that' zinc recrystallizes at 
about room temperature and tin below it. Therefore these metals are 
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really hot worked. In fact, as zinc is rather close to the line 
it is often found desirable to apply a little heat to obtain the most 
satisfactory results. In this connection Fig. 130 is of interest to the 
trade as it indicates the variation in the ductility of zinc with tem- 
perature. 

We have previously used change of hardness as an index to change 
of ductility. It may now be used again to indicate the effect upon the 
ductility of different combinations of two ductile metals which form a 
continuous series of “ solid solution alloys. Metals which pair up 
in this way usually crystallize in the 
same space lattice and are of not 
greatly different lattice dimensions. 

Examples are found in copper and 
nickel, also in silver and gold, the vari- 
ation in hardness (and therefore duc- 
tility) of which was shown in Fig. 12. 

The increase in hardness (decrease in 
ductility) has been explained as due 
to resistance to slip-plane movement 
resulting from distortion of the crystal 
lattice by differences in atom dimen- 
sions and forces. Referring to the 
table it will be noted that copper 
and nickel differ in atomic number 
much less than gold and silver. From Fig. 130. 

this it might be assumed that the lat- zinc lies between 200 and 

,. T , 111 1 1 ,1 300 F. as indicated by the tensile 

tice distortion would be less and the 

change of hardness less than that 
indicated in Fig. 12. 

Ductile alpha brass (high brass to yellow brass), when properly 
homogeneous, shows only the face-centered cubic lattice of copper. 
The two metals are of adjacent atomic numbers (29 and 30), being there- 
fore of relatively similar atomic volume, and the zinc is believed to 
occupy positions in the copper space lattice which it does without appre- 
ciable distortion or great reduction of ductility. As the proportion of 
zinc increases above about 36 per cent, however, beta brass begins to 
appear. This phase is characterized by the body-centered cubic lattice 
differing from that of both pure copper and pure zinc. It is materially 
less ductile than the alpha brasses though better adapted to hot working. 

The low-carbon steels, which are of interest in the drawing group of 
operations, are a mechanical mixture of pure ferrite (iron), which is 
quite ductile, and an increasing proportion of pearlite, which is less 
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ductile. The pearlite contains the carbon of the steel in the form of 
approximately 13 per cent cementite, or iron carbide (FeaC), to 87 per 
cent ferrite. The hard and brittle cementite flakes in the pearlite 
break up with cold working and naturally interfere with slip movement 
in the pearlite crystals, increasing their resistance beyond that of the 
pure ferrite crystals. The variation in hardness and per cent reduction 
in area between substantially pure ferrite and pure pearlite are approx- 
imately straight lines, as the change is not in structure but merely in 
the proportions of a mixture of two unchanging structures. Fig. 19 
shows these properties and indicates thereby the change in ductility 

of steel with carbon content, through the 
ferrite-pearlite range. The deep drawing 
and extra deep drawing steels vary gen- 
erally between 0.10 C steel and nearly 
pure iron. 

Temperature and Plasticity. — Plas- 
ticity cannot properly be described with- 
out reference to temperature, although 
obviously a loose distinction between 
cold working and hot working is not 
generally applicable. More properly the 
term crystoplastic descril)es that plas- 
ticity possessed by many metals in their 
crystalline state, and the term thenno- 
plastic describes the distinctly differ- 
ent type of plasticity found in the higher 
temperature range from recrystallization 
up to fluidity. Cumulative effects of plas- 
tic working and effects of speed of opera- 
tion are different in these two groups. 
Crystoplastic metals are those distin- 
guished by the relatively simple crystal lattice patterns as discussed in 
connection with Table XI, and are those possessed of considerable 
capacity for slip-plane movement. This is accompanied by the strain- 
hardening which is characteristic of working in the crystaHine state as 
discussed in the foregoing pages. 

Thermoplastic working is typified in the hot forging of steels and beta 
brasses; the working warm of zinc and magnesium and the cold-working 
of tin and lead. It takes advantage of the thermally increased activity 
of the electrons above the crystalline temperature range and of the 
accompanying tendency to correct the inter-atomic strains of work- 
hardening as they occur, amounting to spontaneous annealing. Thus the 



Fig. 131. — Variation with tem- 
perature of the tensile strength 
of (nickel) wire in both the 
ductile and strain-hardened 
states. It was cold-worked 
by 93 per cent reduction. 

(After Sykes) 
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extent of metal movement in successive operations becomes substantially 
unlimited. 

The boundary between crystoplastic cold working and thermo- 
plastic hot working is therefore the critical range. This is a range 
of temperatures rather than a specific figure. It is the recrystallization 
temperature, the germination temperature of maximum grain growth, 
the minimum temperature of annealing to destroy the effects of cold- 
working. It varies with the amount of strain-hardening, being least for 
the most severely cold-worked material and higher for lesser degrees of 
cold-working. The following table, after Jeffries and Archer, gives 
approximately the lowest temperature at which recrystallization begins, 
for common metallic elements. These are subject, of course, to further 
variation in the alloys. 

Table XII 

APPROXIMATE IMlNTMUM TEMPERATURES OF RECRYSTALLIZATION 


Degrees Fahrenheit 

Aluminum 300 

Copper 400 

Gold 400 

Iron 850 

Lead below room temperature 

Magnesium 300 


Degrees Fahrenheit 

Molybdenum 1600 

Nickel 1100 

Silver 400 

Tin below room temperature 

Tungsten 2100 

Zinc room temperature 


Fig. 131 shows the variation with temperature of the strength of nickel 
wire work-hardened by 93 per cent reduction and of annealed wire 
through the crystoplastic range and the joining of the two test curves as 
they enter the thermoplastic range, ^ere the effects of work-hardening 
disappear due to corrective thermal activity of the electrons. Com- 
pare this curve, which shows tensile strength at the various temperatures, 
with Fig. 127 which shows room temperature tensile values after treatment 
at the several temperatures. 

Crystoplastic-working at any ordinary speeds is wholly transcrystalline. 
That is, deformation occurs by movement along numerous slip planes 
in the crystals. And ” the force required to deform a crystal is prac- 
tically independent of any time effect. (Intercrystalline movement, 
cold, may occur in brittle impact, stress corrosion and fatigue.) 

Thermoplastic movement may be largely intercrystalline at such low 
speeds as are used in testing operations. As the speed increases so does 
the resistance up to a point where the movement has become wholly 

® Jeffries and Archer, “ The Science of Metals/^ McGraw-Hill Book Co., New 
York, 1924. 
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transcrystalline. It is noted in Chapter XII, however, that, at the 
working speeds of normal hot-rolling and press-forging, the velocity 
has little or no effect on load. 

An illustration of some differences in working above and below the 
recrystallization temperature is found in Table XIII and Fig. 132. 
These are taken from the interesting research work of Dr. Alan Morris.^ 
It was mentioned in Table XII that tin and lead recrystallize below room 
temperature and zinc very little above it, so that, in the test results 
shown here, all three may be classed as subject to hot-working. Alumi- 
num, on the other hand, is distinctly being cold-worked at room tempera- 
ture, as its recrystallization range is much above that. 

Table XIII 

EFFECTS OF SPEED ON I.OAD AT ROOM TEMPERATURE 


Material 

Reduction in 
Height, Blow 
and Squeeze, 
Per Cent 

Calculated 
Resistance i,o Blow, 
Pounds j)cr 
Square Inch 

Resistance at 
Equivalent Squeeze, 
Pounds per 
Square Inch 

Lead 

83.0 (hot) 

9,000 

4,500 

Tin 

63.0 (hot) 

16,000 

7,000 

Zinc 

20 S (hot) 

71,000 

29,000 

Aluminum (52S?) . . 

46.0 (cold) 

26,500 

25,500 


Note: Dynamic test performed in drop hammer with 200 ft. -lb. blow. Static results obtained 
in a standard testing machine. After Morris.^ 


In Table XIII it will be noted that the three metals which are in 
their hot-working range offer about twice as much resistance to the very 
fast action of the drop hammer as they do to the very slow movement of 
the testing machine. Therefore the higher figure represents approxi- 
mately the normal working load, with transcrystalline movement, of 
most hot-working operations. The lower figure is accounted for by a 
greater or less amount of intercrystalline movement according to the 
(slow) speed. See also Fig, 241 in Chapter XII. 

The aluminum, however, is distinctly being cold-worked, so that the 
movement in deforming it will be transcrystalline either under slow 
squeeze or rapid blow. The resistance in each case should then be 
about the same for the same amount of deformation, and this seems to 
be so according to Table XIII. 

* In Fig. 132 are shown the curves recorded in the compression tests 

^Alan Morris, Bridgeport Brass Co., '‘Elasticity of Copper-Zinc Alloys at 
Elevated Temperatures,'’ Technical Publication 390, A.I.M.M.E., 1931. 
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used to obtain the last column data in Table XIII. It may be noted 
from Table XI that both aluminum and lead crystallize into the ultra 
plastic face-centered cubic '' pattern, and might be expected to 
strain-harden slowly under cold-working. The characteristic structure* 
of. the zinc crystal, on the other hand, is described as hexagonal 
close packed and that of tin as body-centered tetragonal. Both 
of these are complicated arrangements of atoms which provide relatively 
few slip planes for plastic movement. In fact, both metals are rather 
brittle below their recrystallization temperatures and would strain- 
harden with extreme rapidity. 



Fig. 132 . — Static compression tests on lead, tin, aluminum and zinc at room temper- 
ature, corrected to unit stress. {Morris) ’’ 

The aluminum curve in Fig. 132 shows clearly the strain-hardening 
which accompanies cold-working. The other three show no such strain- 
hardening, which corroborates the fact that they are being worked 
hot rather than cold. The tin curve turns up a little toward the 
end, but, since the original slug was only % in. high by in. in diameter 
and has been squeezed down to about in. in thickness, this is probably 
due to pyramiding pressure and surface fri 3tion. 

Fig. 133 illustrates changes in the plasticity of metals in their hot- 
working range. The curve for machine steel shows a jump at the 
critical temperature (above 700° C.) where the phase change occurs 


^ See footnote, p. 144. 
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from ferrite and pearlite to austinite. This change is accompanied by, 
or is a part of, a change in crystal structure from the body-centered 
cubic to the face-centered cubic lattice pattern. The rise in the curve 
•should confirm the idea that the latter is slightly the more plastic of the 
two structures. 

In spite of the proximity of the tool-steel and machine-steel curves 

r. . 4 'jn 4 C 4 .u • tempera- 

Calculated unit STress, Ib.pcrsq.m. . , ,, , 

tures, there would be a very 

considerable difference in the 
cold- working range. There 
the high-carbon steel would 
be less plastic and would 
strain-harden much more 
rapidly than steel with a low 
carbon content owing to the 
larger amount of hard and 
brittle iron carbide (cemen- 
tite) which it contains. 

All these curves were ob- 
tained by dropping a 50-lb. 
hammer ram 4 ft. upon slugs 
% in. long by 3^ in. in diam- 
eter, which had been heated 
to the several temperatures. 
The calculated unit stress or 
resistance to this blow was 
Per Cent Reduction in Height Produced 200 fi-lb.Blow computed by Dr. Morris 

Fig. 133 . — Changes in plasticity and resistance f'he energy of the ham- 

with temperature. Drop hammer test. {MorrisY mer blow (200 ft. -lb.) and the 

distance in which this energy 
was absorbed (the reduction in height of the sample). His formula 
may be written: 

W 

^ ~ V X log.(«i/J2) 

in which S = average unit stress, pounds per square inch; 

W = work input, inch-pounds (hammer energy) ; 

V = volume of blank, cubic inches; 
h original length or height of blank, inches; 
h ~ final length or height of blank, inches. 



^See footnote, p. 144. 
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This method appears to be reasonably accurate, providing the slug is 
not given time to cool appreciably, side flow is not restricted and reduc- 
tion is not carried so far that pyramiding of pressure in the thin blank 
distorts the curve. 

Returning to Fig. 133, the copper and brass curves are interesting 
in that they show again changes in ductility with changes in alloy 
proportions and in crystal structure. As zinc is added in solid solution 
with copper, it is natural that the plasticity should become less (Fig. 12). 
This solid solution, known as alpha brass, persists down to a copper 
content of about 64 per cent, and has the face-centered cubic crystal 
lattice. From that point on, subject to temperature, an increasing 
proportion of beta brass begins to appear. Beta brass has the body- 
centered cubic lattice which is less plastic than the face-centered cubic 
pattern when cold (Fig. 241). At elevated temperatures, however, beta 
brass becomes materially more plastic than alpha brass. In Fig. 133, 
the brass containing 61 per cent copper is largely alpha brass at, say, 
900°. At 1500°, Fig. 13 shows that it is changed entirely to beta 
brass, and Fig. 133 shows, by the lower unit stress, that it is far more 
plastic than either alpha brass or pure copper. 

Below the recrystallization range we know that changes in temperature 
will again affect the yield point and the rate at which it changes under 
plastic working. That is, referring to Fig. 122, the rate of strain-hard- 
ening will be reduced by an increase in temperature. Thus Templin ^ 
pointed out that “ when commercially pure aluminum is worked at a 
temperature of about 200° F. the effect on the tensile strength of the 
metal, for instance, is only about one-half as much as when the same 
amount of work is done at room temperature. The same thing is 
illustrated in the Kent curves, Fig. 239, with respect to aluminum and, 
to lesser extent, brass and copper up to their recrystallization temper- 
atures. 

Under operating conditions the temperature of the metal is often 
raised more or less above room temperature by the plastic working 
involved in the particular press operation. Often, in high-speed pierc- 
ing and blanking operations, sufficient heat is generated to make the 
piercing scrap quite warm to the touch. At times it is enough to be 
considered detrimental to the tools. 

In the extrusion of collapsible tubes the operating speed is distinctly 
limited by the amount of heat generated. This same heat, however, 
makes possible an exceptional amount of plastic working in the extru- 
sion of brass and copper. In the production of extruded copper radia- 


* See footnote, p. 129. 
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tor tubes the metal is said to come out partially annealed instead ol 
severely strain-hardened. 

Where a consecutive series of drawing operations are performed 
automatically, sufficient heat is generated to keep the shells quite warm. 
This should reduce the rate of strain-hardening, and in fact it has often 
been said that the breakage was less in such a series of operations than it 
would be if a similarly severe series were performed slowly enough to 
permit the shells to cool between operations. 

To what extent the rate at which metals strain-harden is reduced by 
relatively small increases in temperature is an interesting field for addi- 
tional research. It will also be inter- 
esting to know more about the amount 
of heat generated in working metals 
plastically, and the relation if any be- 
tween this and the heat delivered to 
the metal in effecting recrystalliza- 
tion. 

Test data in Fig. 133a have been 
arranged to show effects of speed and 
temperature in hot-working carbon 
steels. Under the quick action of the 
drop hammer, the greater resistance 
to movement is attributed to lack of 
time for recrystallization to counter- 
act the strain-hardening effect of 
transcrystalline slip-plane movement, 
and to less intercrystalline movement 
than can occur at the low speed of 
the static test. The curves were not carried far enough to make it 
obvious, but the relative effect of difference in speed is becoming less 
as the metal* approaches the '‘cold-working'' temperature range. 

Rate and Uniformity of Plastic Working— Another consideration 
affecting the strain-hardening of the plastic metals is the rate at which 
they are worked, or rather the extent of the work done per operation. 
Thus it is said that a drop hammer, in the course of a number of rela- 
tively light blows, will work the surface metal to a greater extent, 
whereas squeezing the final shape in the single stroke of a forging press 
will work the metal more thoroughly throughout. R. L. Templin^ 
has said, " Products that are reduced in area 30 to 40 per cent per 
operation frequently exhibit differences in their mechanical properties 
when compared with similar products that have been reduced in area 
6 to 10 per cent per operation. In general, the product that has been 



Fig. 133a. — Variation of stress or flow 
resistance with temperature in three 
carbon steels at high and low speeds. 
(After H. Hennecke) 
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worked at the higher rates has more nearly uniform mechanical prop- 
erties throughout its cross-section than the product worked at the lower 
rates/’ 

A similar non-uniformity of working and of consequent internal 
stress may result from the shape of the tools used. Thus Grimston ® 
reported a careful comparison of cartridge cases reduced or ironed in 
conical or taper-walled dies with those produced in bell-mouthed or 
radiused dies. The latter were found to produce more uniform and 
lower internal stresses in the material with much less tendency to sub- 
sequent season cracking. Specifically he figured that the stress pro- 
duced in the outer skin was 37,800 lb. per sq. in. with conical dies 
against only 16,000 lb. per sq. in. with bell-mouthed dies for the same 
reduction m wall thickness and diameter. The latter type was believed 
to work the metal more gradually and more uniformly throughout its 
section. 

Investigations of drawn wire and rod have also shown that the 
metal is not uniformly worked throughout its cross-section, so that, for 
example, there may be a materially higher stress at or near the surface 
than at the core. Such non-uniformity is generally blamed both upon 
the shape or profile of the die and the amount of reduction per pass. 
Thus it was noted again that small reductions tend to work the surface 
metal more than that further in and to set up differences in internal 
stresses which are not so marked in metal subject to greater and more 
severe reductions. And Harris ^ commented that one of the principal 
reasons for internal fractures at the core of drawn wire was too ob- 
tuse an angle on the draw die, or a clogged die, which in effect is the 
same thing. 

® F. S. Grimston, “Influence of Die Design in the Deep Drawing of Brass/^ 
Metal Stampings, Oct., 1928, and the Institute of Metals, London. 

® Frank W. Harris, “Distribution of Tensile Strength in Drawn Wire,’’ A.I.M. 
M.E., Feb., 1928. 

^0 Dr. R. M. Brown, “Effects of Cold Drawing on the Strength and Endurance 
of Mild Steel , Rolling Mill Journal, Sept., 1928, and Institute of Engineers and 
Shipbuilders, Glasgow, Scotland. 
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THE DRAWING GROUP OF PRESS OPERATIONS 

The art of working metal into thin shapes took a tremendous leap 
from the period of the hammer, in the hand of the expert maker of 
armor, to the use of drawing in the mechanical press. Of course it was 
not all one leap. The rolling of metal had to be developed. And the 



PiQ. 134 . — From about 1869 to 1876 or 1880 there appeared a variety of exotic cam 
drawing press designs of which this surviving walking-beam press was one. 


mechanical hammer and spinning lathe played intermediary parts, 
principally for relatively small productions. An early type of mechan- 
ical drawing press, built in this country probably between 1870 and 1880, 
is shown in Fig. 134. Incidentally this press is still in use. The earliest 
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type, said to have been introduced from France in 1860, employed 
levers and weights for blank-holding. 

The drawing group of sheet-metal-working operations includes the 
drawing and redrawing of all sorts of shapes, and also, because of close 
relationship, the ironing or thinning of side-walls in such operations. 
The group has much in common with the drawing of wire and some 
types of tube, in point of formulae and theory. Much of the explana- 
tion applies also to burring, necking and bulging operations, which for 
other reasons were described in Chapter VI. 

The following analysis of the drawing operation will be limited, for 
the time being, to a consideration of round work, that is, the drawing 
of cylindrical shells from flat, round 
blanks. Redrawing or reducing the 
diameter of such shells follows, and then 
ironing or reducing the wall thickness. 

The drawing of rectangular, oval and 
odd shapes both deep and shallow in- 
volves the principles of round drawing 
plus plain bending and in some cases 
stretching only. 

Movement and Stresses in Drawing.— 

Fig. 135 shows a typical round shell Fig. 135. — A typical drawing 

partly cut away, in tools which are also operation. The metal is plastic- 

x 1 u ij- • j ally rearranged bv pulling and 

cut away. The blank-holding ring, de- u x 

o 07 crowding m the area between the 

scending first, holds a plain round blank blank-holding ring and the surface 

or disc upon the surface of the die ring. of the die. 

Then the punch descends to draw the 

blank into a. cylindrical shell. As shown, the shell is partly drawn, and 
a flange of flat metal still remains between the blank-holding sur- 
faces. 

If, before starting the draw, two straight lines had been drawn upon 
the flat disc or blank, spreading at an angle of about 15° from its center, 
they would now look as indicated by the Hnes marked with arrows. In 
the bottom of the shell they are undisturbed. In the side-wall they 
have become parallel. And in the flange they are drawing closer and 
closer together as the flange is drawn in and its circumference is reduced. 
This change was demonstrated experimentally in Fig. 117. 

The movement of the metal which these lines indicate, suggests the 
stresses involved. The vertical arrows denote the tensile stress or 
stretch in the side-wall of the shell, which is due directly to pressure of 
the drawing punch on the bottom of the shell. If the resistance to 
drawmg, set up in the flange, becomes too great, the tensile stress in the 
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side-wall exceeds the stress at which necking occurs and the bottom 
tears out. 

The two arrows on the flange indicate the crowding or compressive 
stresses set up in that area as the circumference of the blank continues 
to be reduced. It is this induced compressive stress in the flange 
which tends to cause wrinkling, and which determines the amount of 
the tensile stress in the side-wall. The wider the flange, the higher the 
tensile stress must be to move the metal. Also, the higher the com- 
pressive resistance of the metal to cold-working, the higher will be the 
tensile stress in the wall. 

Figs. 136 and 137 illustrate the results of a group of experiments 
performed to explore these stresses in the wall and flange and to sepa- 
rate the attendant bending and frictional loads. Tools similar in prin- 



Fig. 136. — Tensile and drawing test specimens produced in exploring the stresses 
and changes in stresses involved in drawing to various depths and in bending and 
friction without drawing. Blank diameters respectively 6.5, 6, 5.5, 5 and 6.5 in. 

Shell diameters 3.75 in., 16-gauge deep drawing steel. 

ciple to those shown in Fig. 135 were arranged in an Olsen recording 
testing machine in such a manner that the machine operated the punch 
and recorded the pressure on it. A hydraulic cylinder with pump and 
gauge was arranged to apply the blank-holding pressure. 

Fig. 136 shows a series of four shells drawn in this manner from 
blanks 63^ in., 6 in., 53^ in. and 5 in. in diameter of Kc-in. thick deep 
drawing steel (under 0.10 C). Another blank of 7-in. diameter tore 
around the bottom before the draw was completed. Finally several 
6J^-in. blanks were prepared with segments cut out so that there would 
be no drawing or crowding effect when the tools folded them into cups 
similar to that shown at the right. This was done to measure the bend- 
ing and the friction loads separately from the total drawing load. In 
these tests ^ the punch diameter was 3^ in. and the die diameter was 
in., giving ample clearance. 

The tensile tests performed on the material used showed an elastic 
limit of about 25,000 lb. per sq. in. and a conventional ultimate ” 

^ Tests by A, E. Caserta and W. P. Blake, E. W. Bliss Companv. 
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tensile strength (maximum strain/original section area) of about 45,000 
lb. per sq. in. Referring back to the discussion in connection with 
Fig. 19, the general tensile strength, before necking occurred, proved to 
be about 54,000 lb. per sq. in., as calculated from the actual stress and 
area at about 35 per cent elongation in 2 in. and about 20 per cent 
reduction in area. The true ultimate tensile 
strength after necking and at the fracture 
appeared to be about 95,000 lb. per sq. in. with 
about 65 per cent reduction in area. Certain 
discrepancies appear to be unavoidable in such 
tests of sheet material. Nevertheless, refer- 
ence to Fig. 137 will show reasonably close 
agreement of the true ‘‘general” and “ultimate” 
tensile values as compared with the maximum 
shell wall stress and flange stresses, respectively. 

In the center portion of Fig. 137 are repro- 
duced five curves showing the variation of the 
drawing pressure (the tensile stress in the shell 
wall) as the shells were drawn. These curves 
are marked with the diameters of the blanks 
used. The scale at the left is laid out for con- 
venience in pounds per square inch stress in the 
wall cross-section instead of total pressure. 

Under each curve is indicated the work done 
in drawing that shell (in inch-pounds) obtained 137.— Wall 

by planimeter from the area under the curve, holding friction (star 

At the bottom is a group of three curves blanks), total wall stresses 
obtained in drawing “ star ” blanks into shells and flange stresses (due to 
like that at the right in Fig. 136. The upper drawing) as recorded and 
curve was obtained in drawing a star blank 

with a blank-holding pressure about equal to that iensUe test results at left, 
used in drawing the several shells. This repre- 
sents then the combined load due to bending the metal over the draw 
edges and due to frictional resistance to pulling out from between the 
blank-holding surfaces. The second curve was produced in the same way 
but with about half as much blank-holding pressure. The lowest curve 
was produced with the blank-holding surfaces blocked apart so that 
there was no pressure upon the blank and therefore practically no fric- 
tion load. As mentioned before, there was excess clearance between the 
punch and die to avoid friction in that region. 

The lowest curve, then, represents punch load or wall stress due to 
bending (over the draw edge) only. The distance from the lowest to 
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the second curve above, represents wall stress due to the frictional 
retardation by the blank-holding pressure. The distance from that 
curve (12,000 lb. BH) to the drawing pressure curve for the specific 
shell represents the wall stress required to draw, crowd or rearrange the 
metal in the flange against the resistance of the (circumferential) com- 
pressive strength or resistance of the material. 

The topmost curves in Fig. 137 were computed from the wall stress 
in an effort to approximate what this compressive stress or resistance 
of the strain-hardened metal in the flange amounts to. The unit stresses 
which they show, running to and over 100,000 lb. per sq. in. for a low- 
carbon steel, seem high at first. It must be remembered, however, 
that the stress necessary to accomplish such severe cold-working or 
rearrangement as is taking place in the flange of a shell being drawn is 
necessarily high, in fact, it is ordinarily in the necking range of the tensile 
test. There was an excellent illustration of this in Figs. 125 and 126. 

Our means of relating the compressive stresses in the flange to the 
tensile stresses in the wall is analogous to the formula developed for the 
bursting strength of thick pipe. Thus, referring to Fig. 138, let d inches 
represent the inside diameter of the pipe, D inches the outside diameter, 
S the tensile strength of the pipe material in pounds per square inch 
and P the internal pressure tending to burst the pipe (also in pounds 
per square inch). It is evident that the force required to tear a 1-in. 
length of pipe apart across any diameter is equal io S{D — d). And it 
may be shown by calculus that the sum of the components of the radial 
bursting pressures in any one direction is equal to the product of the 
unit pressure and the inside diameter of the pipe P X d. Equating the 
two to get the condition when failure occurs 

S{D -d) ^ PXd 

P = S(,D - d)/d 

Next consider Fig. 138 as representing the relation of a blank of 
diameter D and a drawn shell of diameter d. The directional values of 
the forces are now reversed (as shown), which does not disturb the 
analogy. The compressive stress in the flange will be termed Sc and 
the resistance to reducing the diameter then becomes Sc X {D — d). 
The (radially effective) tensile stress in the wall of the shell is to be 
called St and the force to balance the resistance of the flange will then 
be St X d. Equating the two as before, 

SciD - d) = Std 


or 
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It is to be anticipated that the value of Sc will rise, with strain-hardening, 
from a minimum yield point for annealed material to a maximum for 
severely cold-worked material, after one or more draws. This rise was 
shown, for example, in Figs. 125 and 126. The capacity for cold-work- 
ing between one anneal and the next should not be confused with the 
amount of drawing or reducing possible in a single operation. The two 
have some things in common, but the latter brings in a number of 
mechanical factors which will be discussed later. 


Fig. 138. — The analysis of stresses 
in bursting pipe applied to drawing 


Returning to Fig. 137, the upper series of curves representing values 
of Scf this compressive stress in the flange, were computed for correspond- 
ing points in the middle series of curves ^ 

to give some idea of the strain-hardening 

of the metal which was taking place in X \ 

that area. St was taken as the total / \ 

tensile stress in tb'' wall less the stress L • .X f f A f t f t\l U 1 li 

due to bending and friction as obtained ‘ ^ 

with the star shells. (A greater allowance \ st . j 

for friction should probably be made.) \ / 

A fairly satisfactory verification was N. y 

obtained by drawing diameter 

blanks to several different depths, ^ ^ 

measuring the flange, correcting for ~ ' 

j. j A- 4 -u 4 . Fig. 138. — The analysis of stresses 

corner radius and computing the stress . . .. i ^ 

^ ® m bursting pipe applied to drawing 

in the flange from the drawing pressure reversing stress directions. A 
or load as before. The shapes and balance exists between compres- 
general values of these curves are about sive resistance in the flange and 
as expected. The fact that the curves '■esultant tensile stresses in the 

do not fall together or possibly in the ^ ^ shell diameter, 

reverse sequence may indicate that some- 
thing still remains to be explained, but probably will be cleared up 
by refinement of the experimental equipment and methods. It seems 
likely that the curves originate at a common pressure but are dis- 
placed successively to the right as complete plastic motion is established 
later in the larger blanks. 

Drawing Pressure and Limits. — Clearly the working pressure, P, on 
a drawing punch is equal to the stress in the shell w^all (plus certain 
frictional effects due to ironing if the clearance between the punch and 
die is less than the final natural thickness of the wall metal). If d 
represents the mean diameter of the shell wall (outside diameter minus 
thickness), then: 


P = wdtSt 


( 21 ) 
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It was found above that the unit tensile stress in the wall due (only) to 
working the metal in the flange was: 

to which must be added a constant, C, to cover the corner bending and 
blank-holding friction. Then by substitution: 

P = wdtsj^- 1 + (22) 


The subscript letters t and c indicate merely whether we are dealing 
with the tensile stress in the shell wall or the compressive stress in the 
flange. That is, they indicate direction of stress. 

The compressive stress in the flange begins at the yield point or the 
point where plastic movement starts. Thence it rises, following the 
rate of strain-hardening curve of the metal (Fig. 122) to a limit indicated 
by the amount of working or reduction necessary, or to the maximum 
which is possible without further annealing. This latter point is the 
upper limit of the strain-hardening curve. 

The reduction in outside circumference due to the compressive stress 
in the flange is a proper measure of work done upon the metal in the 
process of plastic working or strain-hardening it. Expressed as a per 
cent reduction in circumference, this is : 


tDl — t^Ds 
ttDl 


which equals 


Dl — Ds 
Dl 


(23) 


since tt cancels out. The latter expression is the common per cent 
reduction in diameter used in the charts in the Appendix, and in Fig. 125. 
Dl represents the larger or original diameter and Ds the smaller or 
final diameter. This notation is used to identify these expressions (23) 
with Fig. 17 and with the upper expression and scale in Fig. 18. 

In this way the per cent reduction in diameter of a shell, or series of 
shells, may be compared directly (Fig. 18) with the per cent reduction 
in area (at the neck) as revealed by a tensile test of the material to be 
drawn. The former is a measure of the work to be done on the metal. 
The latter is a measure of the maximum work which can be done upon 
it before all available slip planes are used up and fractures begin. The 
plastic lower limit or starting point in both cases should be the com- 
mercial annealed state or the as received state. The two measures 
of work should be comparable to indicate the maximum reduction 
before annealing is essential. Thus in Figs. 125 and 126 a total reduc- 
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tion of 59 per cent was accomplished in steel probably a httle better than 
S.A.E. 1010 for which the specified reduction in area is 55 to 65 per cent. 

In checking up formula 22 against Fig. 137 it appears that C = 0.3, 
and the nominal “ ultimate tensile strength ” for Sc satisfies the maxi- 
mum drawing pressures, for empirical purposes. That is: 

P = TT d < N - 0.7^ (22a) 

It is interesting to compare, with the above formula, that of the 
German, Ruhrman, given in the Iron and Steel World of June, 1927. 
He gave 

P = 2.5(Z> - d)iraK 

which, reduced to the terms and form we have been using, becomes: 

P = T^dts(^ ~ ^ 

to which he conservatively adds 20 to 100 per cent more for friction 
(possibly due to ironing). 

The tensile stress in the wall may rise from zero (for a shell having 
no depth), to a maximum value, near the conventional ultimate 
tensile strength,’’ where necking occurs in tension. At this point the 
shell would fail by tearing the bottom out.'' The pressure to pull 
the bottom out of a shell may be obtained from formula 21 

P = wdtS 

where S is the nominal ultimate tensile strength. This is clearly the 
highest drawing pressure that can occur in any ca^se, and is often used 
for purposes of approximation even though it may be more than neces- 
sary (especially for shallow draws). 

The work done in a drawing operation, or the energy required to 
draw the shell, is represented by the area under the middle group of 
curves in Fig. 137 as is noted in inch-pounds. This may be approxi- 
mated by the formula: 

W ==PXhXC (24) 

in which W is work in inch-tons; 

P is drawing pressure in tons; 
h is length of draw or shell height in inches; 

C is a constant varying from about 0.60 for a relatively small 
reduction or low shell to about 0.80 for a limit draw of 
about 50 per cent reduction. Note, in figuring press 
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capacities, that this does not include any allowance for 
pressure drawing attachments under the press-bed, 
which may add a third or more to the figure given by 
formula 24, or for machine friction, etc. 


The theoretical maximum draw, or reduction per operation, is 
approximately when d = 0.5D, a 50 per cent reduction. Referring to 
Fig. 138 and the accompanying discussion note that: 


^- 1 = 
d 0.5D 


-1 = 2 


1 = 1 


so that by the formula, the flange stress Sc, which always exceeds the 
yield point, sets up a wall stress St of equal amount. When the stresses 

due to corner bending and blank-hold- 
^ ^ 1 ing friction arc added to this, it is ap- 

parent that the total stress in the 
shell wall will be considerably above 
the yield point of the metal and dan- 
gerously close to the necking range as 
soon as the draw starts. Under such 

‘ ^ conditions the shell wall is becoming 

Fig. 139. — Two 16-gauge stainless thinner and its strength is becoming 
steel shells: one reduced about 46 j^gg Meanwhile the flange metal is 
per cent, cracked in standing oyer- cold-worked in compression and 

ing and surface fractures; the other is likely to be increasing in resistance 
reduced 48 per cent and annealed at faster than the flange is decreasing in 
once to prevent cracking. width. This depends upon the rate of 

hardening in the working range. 

Fig. 139 shows a stainless-steel shell which has undergone a 48 per 
cent reduction from the flat blank. It had to be annealed at once, 
however, to prevent cracking in standing, and the surface of the shell 
was badly torn. That is, many small criss-cross fractures were appar- 
ent under small magnification. These, of course, could not be removed 
by anneahng, so that the reduction was really too great for practical 
purposes. It may be noted that this material is said to show 70 per 
cent reduction in area on test, which, according to the foregoing discus- 
sion, should mean that 70 per cent reduction in shell diameter without 
annealing could be obtained under ideal conditions, starting from the 
annealed state. 

Note in Fig. 137 that the 7-in. blank which was being reduced about 
47 per cent failed part way down. This was a deep drawing steel which 
should probably do better. Accordingly the failure may have been due 
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to improper annealing, too little corner radius or excessive carbon 
content. 

Fig. 126 showed shells which had been reduced 59 per cent without 
annealing, though not in one operation. This indicated a steel having 
a relatively low rate of strain-hardening, and favorable die conditions. 

In practice the maximum first-operation draw varies up to, say, 
35 to 47 per cent reduction. This depends also upon the blank-holding 
conditions, which in turn depend largely upon the relation of blank 
diameter to thickness. . 

Blank-Holding (Round Blanks).- In • ^ ' 

straight- walled round shells, the (sole) U =fc 

object of a blank-holder is to prevent ^ 

wrinkles forming in the flange, as their i i 

formation interferes with, or prevents, the T* 

compressive action which rearranges the m (b) 

metal from flange to side-wall. For such 

shells the required pressure varies from 

zero to a maximum as the tendency to — — 

wrinkle varies with the proportions of the — - — ^ 7 -;;^^ 

shell. In the case of tapered walls, where (e) 

the metal is out of positive control and the ^ ^ 

tendency to wrinkle is thereby increased, 

the blank -holding pressure may have Fig. 140.-— Rearrangement of 
to be increased in an effort to hold the same volume of metal (dotted to 




(a) 


metal flat to the punch. In drawing very positions) in a shell flange 

1 n 1 .1 . X- (<ij c): wrinkle formation and 

shallow shapes the compressive action ’ / V / , x , ^ . 

^ ^ thrust (c, cl, e ) ; advantage of 

and tendency to form wrinkles is negli- relatively thick material in resist- 
gible, but a high blank-holding pressure ing buckling (/, ^). 

is required in order to hold the flange and 

stretch the body of the metal beyond the elastic limit so that it will 
retain its shape (Fig. 142). 

Fig. 140 is arranged in an effort to explain the formation of wrinkles 
in the flange as a shell is being drawn. Two positions of the same 
volume or section of metal are shown in plan at (a), in section at ( 6 ) and 
in edge view of the flange at (c). The dotted lines indicate the original 
position at the start of the draw; the solid lines show the position with 
the draw approaching completion. The arrows indicate the high com- 
pressive stresses which must be developed in the flange to compress the 
metal into the progressively smaller circumferences. (See also Figs. 
16, 135 and 137.) 

The condition at (c) may be compared with that in a structural 
column which is loaded beyond its elastic limit and is gradually being 
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squeezed down plastically. If the column is thick and short as at (/) 
it may become shorter and thicker without buckling. That condition 
is paralleled by those brake drums and first-operation hubs, etc., where 
the metal is so thick relative to the diameter and depth of the shell that 
no blank-holding pressure is required. On the other hand, if the col- 
umn is long and thin as at {g) it will undoubtedly buckle and bend to 
one side under the load, though the load per unit of area is no greater 
than in the previous instance. This case parallels those relatively thin 
blanks which must be held flat to prevent buckling under the com- 
pressive stresses. 

The initial buckle or wrinkle is due to some lack of uniformity in 
the movement or resistance to movement in the cross-section of the 
metal. As shown in Fig. 16, the plastic movement in the individual 
crystal is by angular slippage. It may, therefore, be seen that a large 
crystal or a group of crystals, of especially favorable orientation, may 



Fig. 141. — Formation of wrinkles in a shell flange due to insufficient blank-holding 
pressure. Such wrinkles can be prevented with sufficient pressure, but cannot be 
removed once they are started. 

reduce the resistance locally on one surface of a blank or one side of a 
column and tend to cause a buckle or wrinkle toward the other side. 
A blank-holder pressure sufficient to resist or compensate for this non- 
uniform movement would prevent the buckle. Once a wrinkle starts, 
the perpendicular component of the compressive stress increases rapidly 
as shown at {d) and (e). Also the growth of one wrinkle raises the 
blank-holder from the surface of the metal so that others can form easily. 
Fig. 141 illustrates the tendency of wrinkles to space themselves fairly 
uniformly in uniformly stressed material. 

The pressure to hold the blank flat during cylindrical drawing varies 
from nothing, in the case of relatively thick blanks, to a maximum of 
about a third of the drawing load. This figure seems to be quite 
generally accepted in this country and to be reasonably well borne out 
by experimental results and data obtained by the use of pneumatic 
draw cushions. Ruhrman^s formulae apparently develop to 1.25 and 
1.5 times the drawing load, for the blank-holding pressure, but this 
seems high except for conical or tapered work. For the same shell 
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diameter and thickness, reducing the height of the required wall reduces 
the drawing load and reduces the blank-holding pressure even more 
rapidly. The stretching of shallow vault tops and many automobile 
body sections is in a different class, for, as illustrated in Fig. 142, the 
vertical component of the elastic limit of the metal may be compara- 
tively small, whereas the blank-holding pressure required to hold the 
metal from slipping is likely to equal or exceed the drawing pressure. 
Of course, draw bemads or mouldings may be used on the blank-holding 
surfaces to retard the metal without using so much pressure. 

Single-action drawing or cupping (without using blank-holding mem- 
bers), Fig. 143, is practical where the metal thickness is sufficient in 
proportion to the blank diameter and amount of reduction to offset the 




Fig. 142. — A relatively low drawing 
pressure but high blank-holding pres- 
sure is required in stretching a shallow 
shape. 



Fig. 143. — Single-action drawing, with- 
out a blank-holder, of a blank which 
is thick enough relative to its diameter 
to preclude wrinkling. 


tendency to form wrinkles. Table XIV, p. 163, and the chart. Fig. 421, 
p. 467, are prepared from such data as is available to indicate approxi- 
mate limits. Easier flow and less frictional resistance reduces the 
drawing load materially below that given by formulae 21 and 22. As 
described in the third paragraph, p. 175, severe ironing may follow the 
cupping in the same die. 

Shell and Blank Dimensions.^ — The most commonly used method of 
computing the proper blank diameter for a desired shell is by compari- 
son of surface area. Thus, for a plain cylindrical shell, if d equals the 
shell diameter, h the shell height and D the blank diameter, then area 
of the blank, 7rZ)^/4, is equal to the area of the shell wall, xdA, plus 
the area of its bottom, 7rd^/4, which reduces to: 

D =V# + 4d/i (25) 

* Especially for shells having complicated and ornate profiles, a method of obtain- 
ing bla^ diameters by construction is given by F. D. Jones, “Die Design and Die- 
making Practice,'" Chapter II, the Industrial Press, 1930. 
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This value is not accurate; it is somewhat high because it does not 
consider the bottom corner radius, the metal thickness or changes in 
thickness in drawing. The thinning of the metal in the radius and 
lower wall and thickening in the upper wall make accurate figuring very 
dfficult. Accordingly, common practice is to make the drawing dies 
first, cut various trial blanks by hand and try them out to obtain the 
proper blank, before the cutting edges are 
finished. The above formula is then sufficiently 
accurate to approximate the first trial blank. 

If the metal is thick relative to the diameter 
of the shell, it becomes desirable to use the 
mean diameter of the shell for d, as shown in 
Fig. 144. This is the outside diameter of the 
Fig. 144. Cross-section of Jegg the average wall thickness of the 

shell and blank showing es- 

sential dimensions for com- ' 1 . . , , i , 

putations. corner radius is considerable, the 

area of the metal there may be computed 
separately from that in the shell wall and bottom, as indicated in Fig. 144. 
This comer surface may be approximated as: area = Tr^r{d — 0.728r)/2, 
in which r is the corner radius. The blank diameter then becomes: 

D = V{d - 2 r)2 + 4d(h - r) + 2Tr{d - 0.7r) (26) 



If the metal thickness is to be considered as in Figs. 129 and 130, 
this becomes approximately: 


D = V{d-2r-2ty+4{d-t){h-r)+2ir{r+At)id-,7r-M) (27) 


in which d is outside 
shell diameter, r is 
inside comer radius 
and h is inside height. 
In this the mean corner 
radius has been taken 
as r + 0.4< in accord- 
ance with the discus- 



sion in connection Fiq. 145, — a typical series of shells in light-gauge steel, 
with Fig. 79 A . the first blanked and drawn in double-action dies with 

In the above for- ^ 40 per cent reduction. The rest reduced single action 

mulae there is no respectively, with their 

. metal-thickness-to-diameter ratio ranging around 2 per 
allowance for extra 

hei^t required to 

compensate for high and low spots or ears around the top of the 
drawn shell. Such ears are well known to the shop man and are 
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variously attributed to unevenness in holding pressure pins, uneven- 
nesses of die surfaces or clearances and directional non-uniformity of 
material, resulting from direction of rolling, which has not been com- 
pletely removed in recrystallization. There seems to 
be justification for all these reasons, but under favor- 
able conditions shells can be produced which are fairly 
square, as in Fig. 145. 

The above formulae do not take into account 
natural wall thinning near the bottom and thickening 
near the top nor enforced reduction in thickness by 
ironing. Close approximation in such cases requires 
figuring by volume instead of by area. Fig. 146 shows 
in section a cartridge case and the blank for it. This 
is an extreme case in which the ironing is severe and 
the wall thickness is not uniform. Here the blank is 
approximated by volume or by weight. , ,__i 

The following comparative table is prepared from Fig. 146. — Cart- 
formula 25 (which neglects thickness and corner radius) 
to show the relative shell height obtained with various 

1 rr^i 11111 r i irOHing SO 

reductions. The minimum blank thicknesses for single- h\&nk 

action (S. A.) and double-action (D. A.) draws are values can be computed 
offered tentatively in accordance with the discussion of only by weight 
relative thickness and diameter. volume. 


Table XIV 

RELATIONS OF BLANK AND SHELL DIMENSIONS 


Per Cent Reduction 
in First Draw 

(D-d) 

Shell Height, 

Per Cent of 

Its Diameter 

h 

d 

Probable Minimum Blank Thickness, 
in Per Cent of Its Diameter® 
t 

D 

D 

(D.A.) 

(S.A.) 

30 0 

26] 


0.15 

(?) 

35.0 

34 

—0 

0.2 

1.5 

40.0 

44 

_i_? 

0.3 


45.0 

58 

“Ti 


2.0 

47.5 

65 J 


1 0.5 

2.5 


^ See also a nomosram, Fig. 421, in the Appendix, presenting similar data. 


It will be noted in the table that the maximum first-draw wall 
height is 65 per cent of the shell diameter. Yet instances are not 
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infrequent of one-draw shells whose height exceeds their diameter. 
There are two possible explanations. One is that the rate of strain 
hardening is so low that the blank may be reduced over 50 per cent 
without serious wall thinning. The other is that the material is relatively 
thick, the bottom corner radius is relatively large and there may be 
ironing of the wall, all of which increase the relative height for any given 
reduction. 

Reducing or Redrawing. — Fig. 147 is a fairly typical series of shells 
produced in reducing or redrawing operations. The lowest shell was 

blanked and drawn 
in a combination die. 
This was a double- 
action operation (with 
blank-holder) accom- 
plishing about a 44 
per cent reduction 
from the flat blank. 
The first redraw, also 
double action, reduced 
the diameter about 
29 per cent. The re- 
Fig. 147. — A series of reductions in brass to which the de- maining four redraws 
scending rate was not applied. First draw, double action, ^jj performed 

about 44 per cent reduction. Subsequent reductions 29, . , , . , 

23, 24, 21, 27 per cent respectively. 

aged about 24 per 

cent reduction each with small variations above and below that figure. 

Fig. 145 showed a series of relatively thinner shells with more con- 
servatively chosen operations. The first draw effected a 40 per cent 
reduction from the blank, and the redraws reduced the diameters, 
respectively, 18, 14.5 and 10 per cent. 

It has been stated from practice that, in double-action redrawing, 
the successive reductions may run up to 30, 25, 16, 13 per cent, etc. If 
the metal is relatively thin the series should start lower. That is, if its 
thickness is in the nature of 0.2 or 0.3 per cent of the blank diameter, 
the first redraw should not exceed 25 per cent, for example. 

In single-action redrawing (without a blank-holder), beginning per- 
haps with a metal thickness of 2 or 3 per cent of the blank diameter, the 
successive reductions may be 25, 20, 16, 13, 10 per cent, etc. If the 
metal is somewhat thinner the series should start, say, at 20 per cent. 
Logically these reductions seem low, and single-action reductions have 
been recorded which are greater than normal maximum double-action 
reductions. 
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There is also a limit to the greatest thickness of metal that can be 
redrawn in double-action dies. For small reductions of small shells, 
the blank-holding ring necessarily becomes rather thin. If, in such a 
case, the shell wall is so thick as to equal or exceed, say, half of the ring 
thickness, it may be anticipated that the end of the ring will gradually 
close in and eventually seize on the drawing punch. 

In Fig. 148 A is illustrated a typical double-action redrawing die 
with the shell partly drawn through. I'he shell of the preceding oper- 
ation is indicated in dotted lines. It may be seen that the redrawing 
operation is similar, in the action of the metal, to the first-operation draw 
shown in Fig. 135, except that the first-operation shell wall acts as a 
feeder to replenish the metal in the flange, and that there is added to the 
load on the punch the bending and frictional resistance of pulling the 
metal over the outside edge of the blank-holding ring. 

It is this added bending and friction load which makes it impossible 
to take as large a reduction on a redraw as on a first draw. The decreas- 
ing amount of reduction on subsequent redraws, indicated above, can 
be explained only as an allowance to compensate for the increased 
(strain) hardness of the metal. Annealing would then permit starting 
again at the maximum reduction. Practice is not in entire agreement 
on the descending series of reductions as evidenced by Fig. 147, in 
which the single’-ciction reductions are uniformhj about 25 per cent. Note 
that, as the reductions progress, the ratio of thickness to outside diam- 
eter increases, favoring larger reductions. In fact, the author can see 
no theoretical reason, at present, why some single-action and double- 
action reductions should not materially exceed 30 per cent. 

Chart V in the Appendix may be conveniently used in arriving at 
the number of operations to produce a round shell, and in proportioning 
the reduction per step. By using the blank diameter and final shell 
diameter the total per cent reduction may be obtained to judge of* the 
need of annealing, if strain-hardening data on the metal are available. 
It should be remembered that a hmit draw or reduction is likely to neces- 
sitate considerable care in finishing the tools for satisfactory results. 

It is evident that this chart may also be used conveniently in plan- 
ning the use of stopk draw rings on a new job. Some concerns express 
the relation between diameterfe in other ways than as per cent reduc- 
tion.^' Thus the 40 per cent reduction as from 10 in. to 6 in. in diam- 
eter may also be written as 10 in. X 0.60 (60 per cent) or 6 in. X 1.67 
(167 per cent). The small cross-scale under the formula in the chart 
is arranged for the relative conversion of such values. 

Methods of Redrawing. — Returning to Fig. 148, sketches A, B and C 
illustrate three arrangements of double-action redrawing dies for use in 
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double-action toggle or cam presses. Such dies may also be inverted 
and used in single-action presses equipped with air, rubber or spring 
drawing attachments. In the case of double-action presses, shells with- 
out flanges may be pushed through the die and discharged that way, 
with some attendant advantage in production. 

In Fig. 148 A, the face of the punch and the blank-holding surface 
are flat, and the bottom of the previous shell was flat. This is the 
easiest way to make the tools, but it is not the easiest on the material. 

It is evident that the metal in the 
rT side- walls must make two right- 

1 L r-J L bends in its progress through 

^ :5 a 3 the die. 

J[ ^ The tool arrangement shown in 

^ ^ ^ eases this situation some- 

what as the blank-holding surfaces 
- are finished at, say, 30°, reducing 

[ the two bends to 60° each. The 

path of the metal through the tools 
being easier and more direct also 
^ assists in easing the draw by reduc- 

r* _ — ing the strain in the shell wall due 

— — I Jir to friction. Punch faces must, of 

— Y Y — / course, be finished at an angle to 

I I ( prepare the bottom of the shell to 

HI JJ I receive the angular blank-holder. 
D E This bevel on the punch faces tends 

„ 1^0 TA 11 j , to give the metal an opportunity 

bf c), reverse redrawing (c), and single wrinkle just as the draw begins, 
action redrawing (d and e). For that reason, angles greater than 

* 30° are rare. Even a small angle 

will sometimes make it possible to '' get away with '' a troublesome 
reduction especially where the metal is thin relative to the diameter 
and the bottom is tearing out. 

Fig. 148 C shows a reverse redraw in which the shell is being turned 
inside out. Although the metal must still make l^wo 90° bends, the 
flexure is all in one direction instead of reversing itself. Some shops 
consider that this method of redrawing gives better control and less 
likelihood of wrinkles at the start, especially in redrawing rectangular 
shapes. 

Fig. 148 D and E illustrate single-action reducing in which there is no 
blank-holding action. The first (D) is typical of common practice. 
The essential qualification, as has been discussed, is that the metal be 
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thick enough relative to the diameter to resist the tendency to wrinkle 
in the area normally supported by the blank-holder. Compared with 
sketch we no longer have the frictional resistance due to bending over 
the outer edge of the blank-holding ring. Compared with sketch J5, we 
obtain an easier and more direct flow by the use of large-radius bends, 
which in turn is made possible by the relative thickness of the material. 

It would seem logical then that larger reductions should be obtain- 
able in single-action redrawing than in double-action work. The limit- 
ing factor is preventing wrinkles from forming. Extremely thick mate- 
rial should do it. Fig. 148 £* illustrates another method, the stepped 
die. The double flexure seems unnecessarily severe, but its effect is to 
set up corrugations or reenforcing ribs in the area where strong circum- 
ferential compressive stresses are likely to cause wrinkles. By this 
method single-action reductions in excess of 35 per cent have been 
recorded in metal having a thickness of 3 per cent or more of the diam- 
eter, Fig. 126. 

A drawing operation begins with a flat sheet of metal of (practically) 
uniform thickness. It ends with a drawn shell the bottom of which is 
of the original thickness because it has been subject to little or no 
stress. The side- walls, however, consist of more and less severely 
worked material, and their thickness will be found to vary measurably 
both above and below the init ial thickness. 

It is possible to predict such variations in wall thickness approxi- 
mately and, by an understanding of their causes, to partially control 
them to the benefit of the product. Upon occasion the wall thickness 
may be arbitrarily increased or decreased by upsetting or ironing, 
respectively. 

Natural Increase in Wall Thickness. — In any round drawing or 
redrawing operation, metal in the flange of the shell, between the blank- 
holding surfaces, is increased in thickness as it is reduced in circum- 
ference. The mechanical aspect of this was discussed in connection 
with Fig. 140. The (constant) volume of any unit portion of the metal 
is the basis for computing the dimensional changes. 

In Fig. 149 are shown two drawn shells, it being assumed that one 
is reduced from the other in a series of dies having sufficient clearance 
to permit the metal to thicken up naturally. If two lines are scribed 
around the first shell, separated by a distance t equal to the wall thick- 
ness at that point, they will serve to mark off a band of metal (indi- 
cated by shading) having a volume t; = < X < X Trd, in which d is the 
mean diameter of the shell. 

After the reductions the diameter has become di, and if the metal 
structure is uniform the cross-section of the marked band will still be 
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square, having a new thickness and height of ti and volume of ti 
X <1 X irdi. As volume is not changed by the reductions, the two 
expressions may be equated. 

That is: 

X Trd = V = X Trdi 
or in order to find the new thickness: 

<1 = iV'd/di (28) 

If we deal instead with an increment of height, ft, the formula be- 
comes: 

hi = hVd/di (29) 



The nomogram, Chart VII in the Appendix, may be used in approxi- 
mating changes of wall thickness and height in proportion to diameter. 

It must be remembered, however, that 
the results are modified somewhat by 
certain tendencies to decrease instead 
of increase the wall thickness. 

Natural Decrease in Wall Thick- 
ness. — In the discussion of bending 
metal, in connection with Fig. 77, it 
w’^as pointed out that the metal moves 
more easily on the tension side of a 
bend, owing to decreasing resistance, 

and less easily on the compression side, 
Fig. 149. — The manner in which the ^ • • • x tt* xu- 

u r , owing to increasing resistance. For this 

thickness and height of a given vol- v • r i • i 

ume of metal increase as the diameter reason, when a piece of metal IS bent 
of the shell is reduced. sharply its mean length is increased 

(slightly) and its thickness is decreased 
at the bend. It was cited, by way of example, that metal 0.250 in. 
thick was reduced to 0.243 in. in thickness when bent over a H-in. 
radius and to 0.237 in. in thickness when bent over a 3^-in. radius. 
This also brings out the point that a sharper radius reduces the metal 
thickness to a greater extent.^ 

In drawing operations, the metal which becomes the side-walls of 
the shell is really bent or flexed twice. That is, it is made to conform 
to the radiused edge of the draw die, and then pulled out straight again. 
In reducing operations the metal is flexed four times as it bends into the 
blank-holding area and then out again. This was illustrated in Fig. 
148 A and B. 

Ordinarily the amount the walls are thinned by flexing is relatively 
little because the radiits of the draw die is comparatively large, say 
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four to six times the metal thickness. This may be reduced to 2}4t ‘for 
stainless steel or less for organic plastics, or increased over for Alclad, 
It must not be too large, as that would permit the metal to get out of 
control and form wrinkles. 

A sharp radius on the drawing punch causes considerable thinning 
around the bottom due again to bending. This is illustrated in Figs. 
150 and 152. For this reason a small radius is undesirable on punches 
for the early operations in a series of reductions. It is apparent that 
such a thin line will reappear higher and higher up the shell wall as the 
diameter is reduced, leaving a relative local weakness. 

One other cause of shell walls becoming thinner in work is the severe 
tensile stress set up in the walls due to large reductions per operation. 
Fig. 137 illustrates the manner in 
which the tensile stress in the wall 
rises from a poin^ below the elastic 
limit, in the case of a small reduction, 
to a limit draw with a wall stress near 
the true ultimate strength where the 
metal is likely to neck and break or 
tear at the weakest point, which is 
usually the bottom radius. 

Fig. 150 shows the results of an 
experiment conducted to show the 
natural metal movement. A 40-in. 
diameter blank of boilerplate 

was marked off into %-in. squares 
on a planer with a result similar to 
that shown in Fig. 117. It was then 
drawn into an oval shell having a 
long axis of 26J^ in. and a short 
axis of 223^ in. Fig. 151 shows the 
equipment in which this was done, set up on the test floor. The die in 
use, however, is one for an operation near the end of the series, as the 
shells show. It is of interest to note that the press is equipped with an 
air-operated die slide permitting it to handle shells higher than its 
stroke would normally accommodate. There was an additional advan- 
tage in that the shells weigh about 90 lb., and the forward position of the 
die slide permitted the use of an air hoist to handle them in production. 

The experimental blank was placed in the drawing die (first opera- 
tion) so that the coordinates of its markings coincided with the long and 
short diameters {A~C and B-D) of the die. This permitted easy 
measurement of the vertical (v) and horizontal (h) dimensions of those 



Fig. 150. — A blank marked and drawn 
experimentally into an oval shell in 
exploring the changes in width, height 
and thickness of unit volumes in the 
walls. 
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ex-squares which came in the side-walls under the points A, B,C and D. 
The results are given in tabular form below. From these a sectional 



Fia. 151. — The equipment used for the experiment illustrated in Fig. 150, except that 
the tools have been changed for a later operation. The tools actually us^ arc 

shown in Fig. 171. 

strip, below the point D, is reconstructed in Fig. 150. The section 
illustrates the thinning at the comer and thickening toward the top. 

Slight inaccuracies are apparent in the above and are chargeable 
both to the method and to normal non-uniformity of structure of the 
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material. The circumference of the original blank was 125 in., whereas 
that of the shell was 91 in., an average reduction of about 27 per cent. 
The greatest reduction in width of single square was on the shorter 
radius under A and amounted to about 31 per cent. That on the longer 
radius under D was about 21 per cent. 


Table XV 


DEFORMATION OF BY ^ IN. RULINGS, FIG. 150 


A — a 

B - h 

C - c 

D-d 

V h 

V h 

0 843 l3y 0 656 
0.868 by 0.601 
0.859 by 0 609 

V h 

V h 

0.844 by 0.594 
0.859 by 0 609 
0.859 by 0.625 

0.910 by 0.620 
0.872 by 0.570 
0.855 by 0.610 

0 859 by 0.630 

0 844 by 0.656 
0.821 by 0.687 

0.890 by 0.531 
0.859 by 0.572 
0.851 by 0.609 

0 859 by 0.633 
0.852 by 0 656 
0.844 by 0.676 

0.835 by 0.640 
bend 0 . 670 
0.773 by 0.695 

0.773 by 0 700 
bend 0 719 
0.773 by 0.726 

0.822 by 0.640 
bend 0.679 
0.765 by 0.707 

0.813 by 0.703 
bend 0.719 
0.766 by 0.719 

0.765 by 0.710 
0.757 by 0 734 
0.750 by 0.742 

0 775 by 0.734 
0.750 by 0.745 
0.750 by 0.750 

0 770 by 0.718 
0.745 by 0.750 
0.750 by 0.750 

0.766 by 0.734 
0.758 by 0.734 
0.758 by 0.750 


Fig. 152, showing, in cross-section, three stages in the reduction of a 
ferrule, illustrates thinning around the bottom corner due to small 
punch radii. The walls do not show the thickening toward the top 
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Fig. 162 . — The dies were arranged for restricted ironing to prevent thickening. 
Thinning at the bottom was increased by the small comer radius. 


which might be anticipated, however. Such thickening undoubtedly 
did occur during the reduction but was immediately ironed or squeezed 
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back. This was accomplished by finishing the punch and die to diam- 
eters which left only space or clearance for the desired thickness between 
them. 

Ironing. — Fig. 153 illustrates diagrammatically a typical ironing 
operation. The heavy line represents the wall of a shell partially 
drawn through the die, in which process its wall thickness is being 
reduced to nearly a half of what it had been, and its inside diameter is 
being reduced by a small amount. Since the principal need in this case 
is to reduce the wall thickness, the reduction in 
diameter is merely enough to permit the punch to 
enter freely. This is the opposite extreme from 
Fig. 152, in which reduction in diameter was the 
primary function and ironing was merely enough 
to counteract or correct the natural increase in 
wall thickness due to drawing. 

The ironing process is readily adapted to the 
production of shells having walls which are tapered 
or stepped to a non-uniform thickness. Thus Fig. 
154 shows the series of operations involved in 
Fig. 153 —An ironing reducing and ironing both the steel bullet cap and 
operation partially brass case for a rifle bullet. The original 

changes in diameter ^letal thickness IS retained in the bottom of each 
and wall thickness, shell up to the stage of forming the point of the 
bullet and of indenting the base of the case. The 
side-walls of both are ironed thinner with each reduction. The punches, 
which are tapered, determine the inside shape of the shells, and as the 
dies leave the outside straight and parallel, the walls are tapered 
from considerable thickness at the bottom to a very thin section at 
the top. 

To illustrate the effect of the plastic cycle upon the metal structure in 
drawing and ironing, a group of photomicrographs was prepared of one 
of the operations in the production of caliber 0.30 cartridge cases from 
70 : 30 soft-temper drawing brass. As shown by Fig. 154, the part is 
first blanked from the strip and drawn into a cup with a slight wall 
reduction, after which it is annealed and pickled. Then it undergoes 
four severe reductions which are largely ironing, and is annealed 
(restored) after each, which brings it to the stage at which the photo- 
micrographs, Fig. 155, were taken. In the course of these five opera- 
tions (five plastic cycles), it may be shown that a unit block or particle 
of metal near the edge of the original blank has been subject to total 
elongation of about 1300 per cent, or a transverse reduction of about 
93 per cent. 
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The physical specifications of the brass called for an elongation 
(general) of 52 per cent in 2 
in. The actual reduction 
per step amounted to nearly 
50 per cent, which is the 
equivalent of nearly 100 per 
cent elongation. This brings 
the stresses at each reduc- 
tion clearly in the range of 
the necked portion of a 
tensile specimen and to the 
stage described as extra 
hard temper in Fig. 127. 

In Fig. 155, the photos 
A and B were taken ^ after 
the fourth ironing operation 
with the metal still in the 
strain-hardened state. 

Photos C and D were taken 
after annealing in prepara- 
tion for the next operation. 

Photo A shows the con- 
dition of the crystals in 
the bottom of the shell and 
toward one side. ’ There 
was a slight but noticeable 
distortion of the metal in 
this area, and the crystals 
show some evidences of slip- 
plane movement. Slip lines 
were not at all apparent 
further in toward the center 
of the bottom where no 
movement took place. 

Photo B shows a section 
of the severely worked side- 
wall of the shell.' The out- 
lines of the old crystals are 
still present, but many 

• Samples sawed in half lengthwise, polished and etched for to ^ minute in a 
solution of about 1 part hydrogen peroxide in 20 parts ammonium hydroxide. Photo- 
graphed at 100 magnifications. 



Fia. 164. — Ironing operations in the production 
of steel bullet jackets and brass shell cases. 
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groups of lines traversing them mark the passage of slip-plane move- 
ments. A higher magnification of a similar an'a was shown in Fig. 128. 
The reduction involved has strain-hardened the metal to approximately 

A B 



C D 

Fia. 155. — A cartridge case after the fourth draw, XlOO, showing the bottom {A) 
and wall (JS) after ironing (nearly 50 per cent reduction) ; and the bottom (C) and 
wall (D) after limited annealing. 

extra-hard temper which is approaching the upper plastic limit for 
this metal. 

Photo C shows the bottom of the shell again, but after annealing. 
In a number of the contrasting twin crystals are apparent the straight 
boundary lines which characterize an unstrained structure in brass. 
Corresponding lines in photo A show some distortion, and in photo B 
there appear to be no really straight lines. 
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Photo D shows the side-wall after annealing. The structure is 
unstrained, but the average crystal size is rnuch less than it was before 
the last draw, as indicated by the old grain boundaries in A and B, 
This smaller size was obtained intentionally in the annealing in order 
to retain some stiffness at the mouth of the shell. Thus, referring to 
Fig. 127, the anneal was carried through recrystallization to a point 
corresponding to a 30-minute anneal at 600 or 700*^ F. where relatively 
little grain growth has taken place. Here the physical properties of the 
side-wall correspond in a general way to the quarter-hard temper 
obtained by cold-working except that the crystals remain whole and 
unstrained. 

The actual anneal in this case was the regular production operation 
in which the shells take 7 to 8 minutes passing through an electric fur- 
nace heated to 1300"^ F. It may be noted that crystal size is larger in 
the bottom, (7, lha-n in the side-wall, D, on account of differences in 
cold-working. An excellent and detailed study of variations in grain 
structure and physical properties of cartridge cases with differences in 
mechanical working and heat treatment has been prepared from the 
government’s war-time experiences and is available in the records of 
the A.I.M.M.E.4 

In drawing cartridge cases, the amount of ironing usually varies 
around 35 to 68 per cent reduction in thickness per operation. This is 
preceded in the same operation by a small reduction in diameter of from 
0.020 in. to perhaps 6 or 8 per cent. In the first operation .cup, the iron- 
ing load, formula 30, really occurs after the drawing load, which is less 
than indicated by formula 22, being performed single action. In check- 
ing cold work, however, the drawing reduction, ri, and the ironing reduc- 
tion, r 2 , should be added: rn = ri -f r 2 (1.00 — ri). 

Ironing or crowding back a portion of the shell wall is in the nature 
of coining, as indicated by the burnished surface of the metal. It 
obviously adds to the normal drawing load an amount proportionate to 
the projected section area worked away. The working pressure, P 
(pounds), due to ironing may be approximated by the formula; 

P - ^diS (30) 

in which d = mean working diameter, in inches, or 
outside diameter after ironing, plus 
i == reduction in wall thickness, in inches; 

S « compressive unit stress, or yield point of the strain^ 
hardened metal, pounds per square inch. 

* J. B. Read and S. Tour, Testing Artillery Cartridge Cases,” A.I.M.M.E. No 
U51 N. March. 1922. 
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Comparing formula 30 and Chart VIII in Appendix I, note that 
the chart has been simplified by the use of the outside diameter of the 
finished shell instead of the mean working diameter, which would be 
slightly greater. This is taken care of in the arbitrary addition of a 
20 per cent constant designed principally to cover friction. 

The theoretical maximum reduction in wall thickness per operation 
due to ironing is approximately 50 per ceni^ though reductions up to 64 
per cent * have been recorded. The latter figure indicates that the 
cross-section area of the initially annealed metal which is being dis- 
placed is greater than the area of the strain-hardened metal which must 
transmit the pulling strain. This apparent unbalance is probably 
compensated by the increase in strength due to working. 

If the shell wall is ironed thinner by a uniform amount for the entire 
length of the shell, then the work done in ironing is approximately the 
product of the length of the shell or the ironed surface {I, inches) and 
the pressure required for ironing from formula 30 : 

TV = P Z (31) 

The work, W, will be in inch-pounds or inch-tons depending upon 
whether the pressure, P, is given in pounds or in tons. This formula 
applies to most cartridge-case operations. If a reducing operation 
accompanies ironing^ then the drawing pressure must be added to the 
ironing pressure, except that in cartridge cupping, one largely precedes 
the other. 

If the ironing operation is merely to correct the natural changes in 
waU thickness due to drawing, and reduces the thickest portion of the 
wall near the top of the shell to equal the thinnest portion near the 
bottom, the average ironing pressure will equal about half the maximum: 

TV = 0.5 P i (31a) 

Drawing Rectangular and Irregular Shapes. — Fig. 150 and the 

accompanying table showed, by the amount the marked squares had 
been deformed, that the stresses in the metal due to drawing were not 
the same in the ends and in the sides of the oval. At the ends the 
shorter radius caused a greater compressive movement amounting to 
as much as 29 to 31 per cent, compared with a maximum of only 18 to 
20 per cent in the sides of the oval. 

The same is true to an even greater extent in rectangular shells. 
Fig. 156 gives outlines of the blank, first draw and final draw for a 
two-draw rectangular shell. At one corner is indicated (in full lines) 

* ‘‘Cold Working of Cartridge Brass,” Frank J. Lerro, Artillery Case Shop, 
Frankford Arsenal, The Modern Industrial Press, February, 1940. 
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the manner in which the stock would have to be cut to fold up into the 
first shell without drawing. See also Fig. 136 at the right. The space 
between the fingers indicates the amount of metal that must be crowded 
out in the process of drawing. This involves severe internal stress in the 
metal in the corner area as compared 
with freedom from internal stress in 
the side-wall area where only bend- 
ing occurs. Therefore a portion of 
the surplus metal tends to be thrust 
out from the corner area into the 
side-wall area. Hence the develop- 
ment of a blank which would just 
fill the corner of the drawn box level 
with the sides would approximately 
follow the dotted line. This is also 
illustrated in Fig. 157. 

In some cases the combination 
of the depth of draw, metal thick- 
ness and draw radius makes it diffi- 
cult to hold such metal back in 
sufficient control to prevent wrink- 
ling in the corners. A cure employed 
for this is to use a plain rectan- 
gular blank instead of a developed blank. As shown in Fig. 158, 
this results in tabs at the corners which the blank-holding surfaces 
can grip to help hold back the surplus corner material. Draw beads 
or corrugations may even be added in the blank-holding surfaces to 
help in gripping these tabs. , 



Fig. 155. — A blank and two steps in 
drawing for a rectangular shell, illustrat- 
ing the corner displacement. 



Fig. 157. — A drawn sardine box, which is not trimmed, and the developed blank for it. 

The metal in the corners thickens up, and that in the side-walls does 
not. Therefore it is sometimes necessary to relieve the blank-holding 
surfaces at the comers, so that improperly held metal in the sides does 
not wrinkle. 
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The fact that metal in the corners of a drawn shell has been worked 
more severely than that in the sides, naturally tends to cause warping 
in annealing or enamel baking. It has been said that by using a very 
sharp drawing edge along the sides of the die, and a normal radius edge 
at the corners, metal in the sides can be over-stressed sufficiently to 
obtain a fair balance of internal stresses. 

In drawing a plain round shell, the limit draw in one operation is 
usually such as to give a shell depth about equal to its diameter or to 
twice its radius. In drawing rectangular shells, however, the limit 
depth per operation is about Jour to six times the corner radius j owing 
to distribution of surplus metal from the corner area into the adjacent 



Fig. 158. — A rectangular, sheared blank was used for this crankcase shell, to give 
increased holding surface at the corners. 

side-wall area. The modifying effects of metal thickness, bottom corner 
radius and ironing are about as has been discussed for plain round shells. 

In redrawing rectangular shells, as illustrated in Fig. 156, it is neces- 
sary to work from a larger radius to a smaller radius, and also to keep 
the two radii as close together as is consistent with blank-holder corner 
strength, to avoid wrinkling. Reverse redrawing about in accordance 
with Fig. 148 C but without the blank-holding ring is about the only 
method of single-action redrawing for rectangular work of any depth. 

To compute the drawing load for a rectangular or irregular shape it 
has been common practice to multiply the periphery of the shell by the 
thickness and the nominal ultimate tensile strength of the metal. As in 
formula 21, this gives the load to pull the bottom out of the shell, which 
is a safe maximum where no ironing is involved, but is usually quite e. 
bit more than necessary. A formula for the drawing load for rectangular 
shells should distinguish, on the one hand, between the straight side- 
wall areas where bending and friction only are involved and stresses are 
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low, and on the other hand, the corner areas where, in addition, the 
high compressive stresses necessary to rearrange the metal are occurring 
in the flange area. Accordingly, following formula 21, let us write: 

P = wdtS = 2TrrtSCi 


for the four corner areas, plus LtSC^ for the straight side sections, or 
P = tS(2irrCi + LC 2 ) (32) 


in which 


Constant 

Constant 


P = drawing punch pressure in pounds; 

t = metal thickness in inches; 

S = nominal ultimate tensile strength, pounds per square 
inch ; 

r = corner radius of the rectangular shell, inches; 

L = !otaI length of straight sides of rectangular shell, 
inches ; 

Cl = 0.5 for a very low shell up to say 2 for a shell having a 
dept h of five or six times the corner radius, r; 

C 2 = say 0.2 for easy draw radius, ample clearance and no 
holding pressure, or say 0.3 for similar free flow and 
a noraial blank-holding pressure of about F/3, or a 
maximum of 1 with the metal clamped too tightly 
to flow. These arbitrary values for Ci and C 2 , 
concerning which judgment must be used, might 
well be the subject of an extended investigation. 


The low values for C 2 are based upon the experimental results shown 
in Figs. 136 and 137. Blanks were cut out so that they would fold up 
into the shape of a shell to test the loads due to bending only, with and 
without blank-holding pressure. These experiments should be con- 
tinued with different radii and clearances. 

The values given for Ci are entirely arbitrary though they might 
readily be determined (by difference) in a suitable experimental equip- 
ment. The maximum value for this constant would be 1 for round work 
of maximum depth, as that would represent the load to pull the bottom 
out of the shell. In rectangular jobs the flow of surplus material into 
adjacent side- wall areas. makes possible greater relative depths per draw 
in the ratio of 2 or 3 to 1 on the radius. This flow into the side areas 
raises the drawing load there above that covered by C 2 , and the logical 
place to allow for it is in the computation of the comer load. For that 
reason the value 2 is suggested as a maximum for Ci with smtable 
allowance for lower shells. 
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The work done in the free drawing of a rectangular shell may be 
determined as in formula 24 by multiplying the maximum drawing 
pressure by the depth of draw by a factor rising from 0.60 to 0.80 as the 
depth of draw increases to a maximum. 

It is advisable at this point to mention a method of computing the 
punch pressure required for those shallow shapes which are stretched 
over the nose of the punch without actual drawing. A case of this sort 
was illustrated in Fig. 142. To give the metal permanent set, the stress 
in it, parallel to the shape surface, must exceed the elastic limit of the 
metal, considering the temper used. The punch pressure, P, is then the 
vertical component of the elastic limit at the angle at which the shape 
meets the blank-holding surface (Fig. 142) : 

P = LtSe sin a (33) 

in which L = punch periphery in inches; 

t — metal thickness in inches; 

Se = elastic limit of metal as furnished, pounds per square 
inch; 

a = angle of incidence of shape and blank-holding surface; 
see Fig. 142. 

Classification of Dies. — In classifying dies and methods belonging 
to the drawing group of press operations, perhaps the most general dis- 
tinction is whether the shell is pushed through the die or returned to 
the surface of the die to be pushed off. Shells drawn without leaving 
a flange, and without any forming or stamping operation at the bottom 
of the stroke, can be pushed through the die and discharged under the 
press without further handling. This is limited, however, to single- 
action operations in single-action presses and double-action operations 
in double-action presses. If automatic feeds are used on a push-through 
job, as in Fig. 159, it is advisable that three spring-actuated stripper 
fingers be built into the die holder under the draw ring as shown in Fig. 
160. This necessitates a longer press stroke but makes stripping posi- 
tive. The elasticity of the metal and internal strains from drawing 
make shells tend to stay in the die, but that is not sufficiently positive 
for automatic operation. 

When shells require a flange or a stamped impression in the bottom, 
or when double-action dies are used in single^action presses, or triple- 
action dies are used in double-action presses, the wo|-k cannot be pushed 
through the die. Accordingly, spring pad knockouts may be used to 
get shells out of the die, but it is more positive and therefore preferable 
to use lift-out pads (Fig. 161) operated ’ from under the press-bed, or 
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knockout pads (Fig. 162) operated from a bar or lever in the press slide. 
Either type of knockout may take its movement directly from the press 
slide or may be separately cam-actuated to do the ejecting at a point 
earlier than top stroke. 



Fig. 169. — A double-action cam press equipped with a combination die, blanking 
and drawing a shell and pushing it out through the die. 

Shells may sometimes stick to the punch, because of oil or a suction 
resulting from lack of a proper air vent. In double- and triple-action 
dies the blank-holding ring serves as a stripper to prevent this, although 
vents should always be furnished. In single-action work a simple 
stripper may be used consisting of a stripper plate to fit the punch, two 
long rods through the bolster to Umit its upward travel to about mid- 
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stroke and two tension springs to cause it to follow the punch up. 
Parts for such a stripper are shown in Fig. 163. 



Single, Double and Triple Action. — 

These designations are applied to both dies 
and presses according to the number of vital 
moving members. 

Thus Fig. 164 shows a typical single- 
action press, having only the one slide, and 
single-action tools, in which only the punch 
moves. Fig. 163 illustrates a typical set 



of single-action redrawing or reducing 
punches and dies. The production is not 
large in this case, so that all the die rings 
are made to fit a common holder. Further 
illustrations of the single-action type of 


Fig. 160. — A double-action 
combination die with spring 
stripper fingers for automatic 
operation. 


tools include cross-sections of a draw die in 
Fig. 143 and of one- and two-step redraw 
dies in Fig. 148. 

Typical double-action drawing and re- 


drawing dies are found in Figs. 161, 165 and 170. The punch and 


blank-holding ring, which are the moving members, are carried on the 
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Fia. 161. — First, second and third operation double-action drawing dies for half 

barrels. 


inside and outside slides respectively of cam or toggle presses. Figs. 
' 162, 166 and 168 also represent double-action dies but of the inverted 
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type used in single-action presses. Here the moving members are the 
die, which is mounted on the single press slide, and the blank-holding 
ring which is carried on pins through the 
bolster to a pneumatic, spring or rubber 
drawing attachment suspended under the bed 
of the press. 

Fig. 167 illustrates a typical triple-action 
die for two drawing operations. At the right 
is the die with a spring blank-holding ring 
around it. At the left is the mechanically 
actuated upper blank-holding ring which 
performs the first draw. It then dwells for the 
punch, in the background, to make the second 
draw. Such a method may be used for 
many shapes so lonr as the metal will stand 
the continued working without annealing. 

In this case the die is arranged for a double- 
action press with a drawing attachment in 
the bed. Triple-action presses,*'^ especially Fig. 162.— A double-action 
built for such worjv, have, for example, an combination die of inverted 
underneath die slide which holds the blank type for use in a single-action 
up against a fixed bed while an upper slide 

draws and then holds the resultant shell for a second upper slide (punch 
slide) to redraw the metal. 

Combination Dies. — The dies in Fig. 160 and in the upper left corner 
of Fig. 172 are typical combination blanking and drawing dies of the 

push-through type for use in double- 
action presses. Fig. 162 shows a 
combination die for use in a single- 
action press. Note that it is usually 
necessary to make the upper member 
or punch in one piece as shown, with 
the result that the drawing radius 
must be redressed every time the 
cutting edge is ground. This dis- 
advantage does not apply to the 





Fia. 163. — A series of punches, die 
rings and punch stripper plates for 
single-action redrawing. 


type first mentioned. 

Fig. 168 a is a can bottom combi- 
nation die which includes stamping 


with blanking and drawing. Fig. 168 h goes a step farther and pierces 


the center hole, a thing which is possible only in this inverted type of 


* See discussion of . triple-action presses in Chapter XIII, 
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Fia. 164. — A single-action press and single-action die on a reducing operation. 


die used in single-action presses. As can-end production is ordinarily 

large, such dies are usually run in 
automatic strip feed presses with 
cam knockouts and air ejection. It 
is anticipated, however, with the 
advent of coil tin plate and high- 
production (roll feed) ■ presses that 
this practice will soon be changed, 
considerably increasing speed and 
economy. 

Cutting and cupping dies,® as 
their name implies, are combina- 
tion dies which cut out a blank and 
draw it into a cup, pushing it 

Fio. 165.-A double-action “tank end” ^hey differ from 

die combining drawing and stamping, other combination dies, however, in 

that they are practically single- 
action drawing dies. The relation of shell diameter to depth and 

® Similar in principle to Fig, 160 . 
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metal thickness is such that little or no blank-holding effect is required. 
The presses used are the double-action crank type ^ in "Which both the 
outside and inside slides are crank-actuated with the timing so arranged 
that a very brief dwell is obtained. These presses are materially faster 
than the cam and toggle types. 



Fig. 166. — A single-action press with spring drawing attachment and double-action 
die, producing a large casket part. 

Single-action combination work might be the heading for a group 
of forming and blanking operations in which the face of the blanking 
punch is shaped to do shallow forming during or immediately before 
or after cutting. The shape or the metal thickness must be such that 
a blank-holder is unnecessary. 

Miscellaneous Draw Die Types. — Double, dies are advantageous in 
that some drawn shapes may be held easily on three sides but not on the 

^See Fig. 282. 
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fourth. Then, as in Fig. 169, two of them may be drawn back to back 
giving a good hblding flange all around. Later they are separated in a 
parting or double trimming die. In single-action presses with drawing 



Fig. 167. — A triple-action die for producing a two-draw stamping in a double-action 
press with an auxiliary drawing attachment under the bed. 


attachments the two pieces may be parted at the end of the drawing 
stroke. 

Fig. 169 also illustrates very well the use of draw beads or mould- 
ings to assist in holding the flange. Such a practice is often necessary. 



Fig. 168. — (a) A combination blanking, drawing and stamping die. (b) A combination 
blanking, drawing, stamping and piercing die. 


in the case of irregular contours and reverse curves, to get suflScient grip 
on the metal to make it follow the punch at the difficult points. Shal- 
low shapes with a slight surface curvature are also likely to require 
beads in order to stretch the metal beyond its elastic limit and make it 
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hold its shape. Fig. 170, showing (above) the die and punch, and 
(below) the blank-holder ring and a sample panel, illustrates a method 
of inserting draw beads. 



Fig. 169. — A double die for an unbalanced part, with reverse curves which necessitate 
the use of draw beads. Double-action press and die. 


Stamping operations are frequently combined with drawing, as in 
Figs. 165 and 168. In such cases the load at the end of the press stroke, 
to flatten the bottom or to stamp a design, lettering or a depression, is 
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often if not usually greater than the drawing load. In fact, poor die 
design or careless setting up of jobs in this group is responsible for 
the majority of all press breakages. 

“ Hit-home ’’ stamping operations ^ may take anything between 
5 and 100 or more to?is per square inch of striking or squeezing area, 



Fig. 170. — A double-action die for a shallow draw, illustrating the ust? of draw beads. 

depending entirely upon the set-up of the press. Clearly such jobs 
place an excessive risk upon the ability of die-setters. It is better there- 
fore to cut letters, beads, etc., extra deep so that the tools bend or draw 
the metal rather than stamp it. When it is necessary to strike a corner 



Pig. 171. — ^A double-action die for a M-iu. steel shell. The holder with shrunk steel 
ring is used for several operations. 

or outline to get a sharp impression, the striking surfaces should be so 
relieved that contact is made only along a narrow line right at the 
point where the impression is required. 

In Fig. 165 the stamping pad serves also as a knockout, bottonoing 
solidly on the bolster plate at bottom stroke for the stamping operation. 
® Ppstt acting hydraulic presses are often especially suitable. See Fig. 183a. 






MISCELLANEOUS DRAW DIE TYPES 


189 


It is shown in the die. The punch, which serves both for drawing and 
stamping, is above. The die is fitted with three simple gauge pieces 
for the location of the blank. 

Fig. 163 showed a series of redraw die rings to be used in a common 
holder. Fig. 171 shows, at the left, a holder used for scries of four 
draws. At the right arc the punch and blank and blank-holder, and 
in the center are the draw ring and filler ring for the shell shown. Inci- 
dentally these are the tools used for the experiment described in con- 
nection with Fig. 150. The die-holder is of interest in its construction. 
The draw ring is a chrome nickel cast iron with high wearing qualities 
but low tensile strength. It is held tightly in the holder by the tapered 
cast-iron ring. The holder itself is also of cast iron but with a steel 



Fig. 172. — Dies to blank and draw, redraw, redraw and stamp a tapered shell. 


band or ring shrunk around it to prevent any expansion while drawing, 
which might crack the draw ring. 

Fig. 172 shows a series of four dies used in producing a tapered shell. 
The first (upper left) is a combination double-action die for cutting the 
blank and drawing to the diameter of the largest step. The next two 
dies (upper right and lower left) are double-action redraw dies with 
bottom lift-out pads. The last is a single-action die to stamp or stretch 
the steps out. These steps must be planned and developed with care 
to fill out with a little stretching into the final shape. An effort to draw 
this shell in one operation, granting that the reduction is not too great, 
would result in a series of lengthwise wrinkles which could not be 
stamped out. 

Corrugations such as are shown in Fig. 167 may sometimes prove 
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troublesome. It will be noted that the metal has pulled in considerably 
at each side of the blank. Yet even this is not enough to furnish the 
total increase in surface. The balance must be made up by stretching 
the metal, the limit of which is its general elongation, Fig. 19. If there 
are several corrugations together, the stretching is likely not to be uni- 
form, but to be localized on the inner corrugations. Free metal pulls 
in to the outside corrugations but is locked there preventing further 
travel. For this reason some jobs are arranged in two operations so 
that the center corrugations are drawn first and then those on the outside. 

Multiple Operation Drawing. — Combina- 
tion dies, which have been discussed, bring 
together a blanking, a drawing and possibly 
a stamping operation. Triple-action dies 
bring together two drawing operations, 
usually draw and redraw. Each of these 
may be limit operations, figured separately, 
provided the metal will stand so much cold- 
working without annealing. 

Two-step reducing or ironing jobs (Fig. 
148 E)j in single-action tools, seem to be 
governed by the limits of single operations. 
They have some advantage, however, in the matter of wrinkles and of 
holding a size by localizing the principal wear on the first step. The 
latter advantage applies particulariy to two-step ironing dies. Fig. 173. 

A sequence of drawing operations may be combined in one automatic 
handling, with or without other types of operations. The limit upon 
the number of reductions combined is the amount of cold-working that 
the metal will stand without intermediate annealing. Alternative 
methods of doing this include keeping the part attached to the strip 
until finished, or feeding individual parts from station to station through 
the series of operations. 

Fig, 174 a illustrates a typical series of operations of the so-called 
“ eyelet class. The shell, which is ordinarily quite small, remains 
wholly attached until completed and is then blanked out, or sheared 
off, as in the case of the radiation fin shown. For such work the typical 
first-, or first- and second-operation shells are dome or cone shaped, and 
the margin of the strip may show wrinkling and steps, unless the first 
dome can be obtained principally by stretching, as the tools are ordi- 
narily of the single-action type. Piercing, curling, stamping and iron- 
ing operations are frequently combined in the series. The second 
station in the die is usually idle so that the first-operation dome may 
be used for locating and holding the strip. 



Fig. 173. — A typical two-step 
die for ironing cartridge-case 
walls. 
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Fig. 174 b shows the alternative method of follow-die drawing in 
which a preliminary piercing operation separates the strip into a series 



Fig. 174. — An eyelet type job (a), an*! a drawing follow-die job (6), in each of which 
othr- operations are combined with drawing. 



Fig. 176. — A series including drawing, redrawing, redrawing, perforating and trim- 
ming operations which is typical of many larger and smaller '‘multiple operation^* 

groupings. 


of blanks attached at each side to nS^rrow bands of scrap. Then the 
drawing proceeds in the usual single-action dies, or air, rubber or spring 
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type double-action dies. In this process the original width of the strip 
is reduced but the center distance between tools remains practically 
constant. Other types of operation may also be combined in a series 
of this sort. 

In either case, stripping and the disposal of scrap must be positive 
and reliable. The strip carrying the entire series of operations is raised 
and lowered every stroke and therefore must not be too flimsy or be 
subject to severe whipping. Automatic feeds must be accurate and 
carefully adjusted. Relative working levels in the tools during the 
several operations must be carefully planned to avoid distortion. 

Fig. 175 illustrates the combined use of a series of separate tools with 
separate adjustments, the work being carried automatically from sta- 
tion to station. This method is applied to a wide range of work extend- 
ing up to quite large-sized parts. The shape and the amount of cold 
working are its principal limitations. In many cases, strip or coil 
material is carried in by a roll feed and the first operation is blanking, 
possibly with a bridge die. More often, however, the first-operation 
shell is blanked, drawn and possibly annealed in a separate automatic 
unit and then fed into a multiple slide press by means of a friction dial 
feed. Such units also employ suction strip feeds, ratchet dials and 
magazine feeds as required. Ratchet dial feeds, alone, are sometimes 
used for a series of drawing operations but are generally inadvisable for 
more than a single operation. This is usually not the fault of the feed 
but of the lack of separate slide adjustment for the individual tools, or 
of difficulty in accurately centering varying shell diameters. 



CHAPTER IX 


DRAWING SPEED, LUBRICATION, ANNEALING 

Preceding chapters have been devoted to the structure of metal, 
the manner in which ductile metal may be cold-worked and rearranged, 
the strain-hardening of the metal which results from cold-working, the 
removal of strain-hardening effects by annealing or recrystallization, 
selection of material, limits upon operations and finally details of draw- 
ing operations and t ools. The following will conclude the discussion of 
the drawing group, covering something of the operating end. 

Drawing Speeds. — How fast can metal be drawn? Figures avail- 
able indicate a considerable divergence of opinion and a possibility of 
limiting speeds considerably in excess of common press practice. Copper 
wire is drawn at speeds as high as 2500 io 3500 ft. per min. Wire draw- 
ing appears closely analogous to the press operations of ironing or burn- 
ishing, yet 35 to 70 ft. per min. seem representative press-crankpin 
velocities for such jobs. Unrestrained drawing appears to be relatively 
easier than ironing, for we have reported drawing speeds of 200 ft. per 
min. for brass. It is probable that this applies particularly to single- 
action operations, for reasons to be pointed out. 

In working steel all figures are lower and the situation is complicated 
by the tendency of particles of the metal being drawn to pick up ” 
or weld onto the die ring, causing scratches. Steel on steel makes a 
notably poorer bearing in machine construction than steel on a suitable 
dissimilar metal. A possible explanation, in both cases, is that the 
crystalline structure or lattice of both parts (the die and the blank) is 
exactly the same. Then when crystal fragments of identical orienta- 
tion, but in the opposing surfaces, come together intimately under 
pressure, welding occurs, as the atomic attraction in a common orienta- 
tion should be stronger than that between associated crystals of miscel- 
laneous orientation. 

Cold-drawn steel rod is drawn in chilled iron dies at 250 ft. per min. 
Yet a concern doing work of that sort reports that 26 ft. per min. is a 
maximum for burnishing steel in a punch press. Free press drawing 
operations in steel are reported at speeds of 35 to 60 ft. per min. Above 
60 or 60 ft. per min. the danger of picking up seems to be great. 
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Occasionally when shells tear in drawing and the tearing is corrected 
by slowing the press down, the blanket conclusion is drawn that the 
metal will not stand working at such a speed. As a matter of fact, it 
has been shown that the per cent general elongation of steel (cold) 
increases with the speed of the test, at least up to the speed of a gun- 
powder explosion. 

It is rather a case of inertia, mass times acceleration, or specifically, 
a sudden start as the punch hits the blank at midstroke with a high 
resistance to starting the metal made up perhaps of too severe a draw, 

too sharp corners on the punch and 
draw die and too high an initial 
blank-holding pressure. The com- 
pressive resistance to drawing set 
up in the flange of the shell is not 
any greater because of the greater 
speed. But with a given starting 
resistance, an increase in the sudden- 
ness with which the metal is started 
moving should increase the tensile 
strain on the metal around the nose 
of the punch. 

Referring back to Fig. 148, note 
that the shell will start flowing more 
easily from under the angular blank- 
holder in die By than it will with 
the flat blank-holder in die A. And 
obviously the absence of any blank- 
holder (single-action reducing), in case 
D, makes for far easier starting. The 
use of a large radius or angle on the 
nose of the drawing punch contributes 
to making the application of the load smoother and more gradual. 
The uniform stroke or slow-draw drive, Fig. 176, also contributes 
to easing the starting shock, or to speeding up the operation without 
increased shock. 

A nomogram. Chart XII, is given in the Appendix for convenience 
in computing quickly the velocity of the press crankpin (F, feet per 
minute) for any given stroke (d, inches) and speed (RPM). Speed 
is taken in strokes per minute, with the press running continuously. 
The formula, which applies also to the peripheral velocities of flywheels 
and pulleys (belts), is: 

F = ir X d X RPM/12 



Fiu. 176. — A press drive which mate- 
rially increases the number of strokes 
per minute without increasing the 
working speed, for drawing, broaching 
ironing, etc. (patented). 


( 34 ) 
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The velocity of the press slide (and the punch) is the same as the 
crankpin velocity only at midstroke, but the difference between them is 
not great until near bottom stroke. 

Fig. 177 is arranged as a means of 
comparing the relationship. In most 
drawing operations the punch strikes 
the metal at about midstroke. In 
very few cases does the draw begin 
lower than the last quarter of the down 
stroke, and it will be noted that even 
there the punch velocity is about 
87 per cent of the crankpin velocity. 

Accordingly, crankpin velocities read 
from the nomogram. Chart XI f, are 
sufficiently close to initial drawing 
velocities to require no correction for 
stroke position in most cases. 

If an accurate value is required for the velocity of the punch upon 
striking the blank, it may be obtained by Chart XIII, or the formula: 
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Fig. 177. — The relation between crank- 
pin velocity and punch velocity at any 
point in the stroke. 


V = 0.5233 X SPM X Vdy - 


(35) 


in which V is contact velocity in feet per minute; 

SPM is strokes per minute; 
d is press stroke in inches; 

y is the position of the contact point in inches up from bottom 
stroke. 


Table XVI is offered tentatively as a means of planning and of check- 
ing up existing practice. It is based upon the use of hardened-steel 
dies. The double-action column must be qualified according to how 
securely the metal is gripped at the beginning of the draw. 

It is of interest to note that one well-known concern purchases copper- 
plated drawing steel to speed up drawing operations and eliminate 
picking up on the dies. The practice seems logical and may be 
further warranted by subsequent plating of the parts. 

Chrome plating of dies for drawing steel shells (and also for other 
work) has been reported as extremely satisfactory by some companies, 
but others had trouble in getting a good plating job on the inner surfaces. 
Some companies use a very hard cast aluminum-bronze for drawing dies 
for steel, aluminum and stainless steel. Here again, in principle, the 
provision of a dissimilar metal for the steel to slide against should permit 
speeding up the operation materially. 
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Table XVI 

TENTATIVE TABLE OF LINEAL VELOCITIES 



Drawing 

Ironing or 
Burnishing, 
P'eet j)er 
Minute 

Single- 

Action, 

Ft./Min. 

Double- 

Action, 

Ft./Min. 

Steel 

55 

35-50 

25 

Steel (in carbide dies) 


00 


Brass 

200 

100 

70 

Copper 

150 

85 


Aluminum 

175 

100 


Strong aluminum alloys 


30-40 


Zinc 

150 

40 


Stainless steel 


20-30 



Lubrication in Drawing. — Practice in the use of lubricants on draw- 
ing operations seems to be directed to a considerable extent by individual 
taste. Some general statements can be made, however. 

Often a film of oil is essential on bright stock to prot ect it in storage. 
Oil lends itself to automatic lubrication by spray or drip and wiper, and 
often one application is enough for several operations. Usually an 
ordinary mineral oil is satisfactory. As drawing conditions become 
more severe a compounded oil including say 15 per cent of lard oil and 5 
p)er cent of wool fat in a mineral-oil base is about as efficient as pure lard 
oil and much less expensive. Occasionally an unusually heavy job is 
considered to require heavy, crude oils which are very sticky and messy. 
White lead has come into disrepute on account of possible lead poisoning. 
Graphite is mixed up with oil or with kerosene for some heavy operations 
but must be kept in suspension. 

Electrical lamination steel is often lubricated with paraffine applied 
warm to the sheets. A mixture of paraffine oil and kerosene applied 
sparingly, to evaporate in process, is also used. 

Oil lubricants are common but ordinarily have to be cleaned off 
before annealing to prevent the oil burning into the steel. They must 
also be carefully cleaned off prior to soldering or to applying many 
finishes. 

For such reasons, water-soluble lubricants are widely used. These 
include soap solutions, flour, sulphonated oils, talc, amorphous chalk, 
zinc oxides, etc., in various mixtures which are more or less stable. 
Warm soapsuds are recommended in drawing zinc, the warmth raising 
the temperature of the metal slightly to improve its ductility. 

^ ^‘Principles of Lubrication in Cold Drawing Sheet Steel,” by H. A Montgomery, 
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The water-soluble lubricants usually have to be applied quite 
freely, as by dipping the strip or part in a tank of lubricant, Fig. 1, 
A paint brush or a rag swab. Fig. 179, are common to both oil and water 
lubricants. The efforts of the helper in Fig. 179 seem extravagantly 



Fig. 178. — Drawing universal joint covers in a toggle drawing press with a soluble 

talc base lubricant. 

careful, however. Simple atomizer sprays attached to the press and 
operated by mechanically or hand-controlled air jets are a natural solu- 
tion for quantity production. Fully automatic roll feed presses are 
frequently fitted with drip valves and felt rolls or wipers to spread the 
lubricant. 

Annealing. — Annealing is the process of restoring a structure con- 
sisting of relatively large, unstrained crystals to metal which has been 
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structurally strained and distorted by the slip-plane movements of 
severe cold-working. 

Quite generally accepted hypotheses enable us to draw a fairly com- 
plete detailed picture of the process. Parts of this have been more 
fully covered elsewhere. 

The starting point is the atom, which is the elementary unit dis- 
tinctive to any metal (or other element). Because of their own structure 
and resultant directional forces of repulsion and attraction, the atoms 
of any metal tend to arrange themselves, with respect to each other, 

in certain definite crystalline patterns. 
Cold-working of the frozen crystals 
twists the atoms which form a given 
crystal out of their natural equilibrium 
positions and destroys the continuity 
of the crystal. 

The application of heat increases 
the activity of the electrons forming 
the atom and therefore increases 
the energy of the atom and the 
forces which it exerts. When the 
temperature is raised to the annealing 
or recrystallization point the atom 
is enabled to rotate itself into an 
easier and less strained position rela- 
tive to its associates. The easiest 
relation is of course the space lattice 
of the unstrained crystal, and it is 
to that spacing and directional ar- 
rangement that the atoms tend to 
return. The more time at heat and the higher the heat, the easier 
it is for the normal crystalline structure to develop. 

It may be noted that o^tinued application of heat continues to 
increase the activity in the atom and the space between atoms in the 
crystal lattice (expansion of metal) up to the melting point, where the 
crystalline relation disappears entirely. 

Fig. 180 2 illustrates clearly the effect of the annealing process upon 
the crystal structure. At 75 magnifications a polished and etched 
specimen of severely cold-worked brass at A appears to have retained 
the outlines of the original large crystals, elongated or distorted, how- 
ever, by the working. Upon the application of heat, raising the metal 

* Jeffries and Archer, “The Science of Metals,^' McGraw-Hill Book Co., New 
York, 1924, and the American Brass Company, Waterbury, Conn. 



Fig. 179. — Expensive application of 
expensive (lard) oil for a drawing 
operation in 0.049-in. hot-rolled steel 
on a toggle press. 



PiQ. 180. — Brass, 68 : 32, cold-rolled from soft temper, 60.9 per cent reduction, to 
extra hard temper (at il) ; next heated for recrystallization at 300° C. (B) and 350° C. 
(C); followed by grain growth during annealing at 460° (£>), 560° (E), 660° (F)^ 
760°(C?), 850° C. (F). X76 (Bassett and Davis). 
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to its recrystallization range of temperature (at B and C), the old grain 
boundaries rapidly disappear and the equilibrium condition develops 
as a great many very small grains or crystals. With continued increase 
in temperature the average grain size increases perhaps twenty fold 
(Fig. 180 D to //) as atoms of the smaller crystals realign themselves 
with larger and more powerful adjacent crystal structures. 

Fig. 180 parallels closely the first part of the plastic cycle as charted 
in Fig. 127. There recrystallization is marked by the sharp drop in 
tensile strength and the appearance of the new small grains. Grain 
growth in Fig. 127 was stopped at ‘‘ soft temper '' corresponding ap- 
proximately to Fig. 180 F and the initial state of Fig. 180 A before it was 
cold-worked. In Fig. 180 {G and //), grain growth was carried on con- 
siderably farther than in Fig. 127 with a proportionate increase in duc- 
tility (elongation) and decrease in resistance to working. Grain size 
and temperature cannot be compared precisely in Figs. 127 and 180, 
owing to differences in initial cold-working, composition and annealing 
time. 

These two illustrations indicate the possibilities of so controlling 
grain size in annealing as to retain a greater or less amount of stiffness 
in the finished product while eliminating internal strain by going beyond 
the recrystallization temperature. Thus in Fig. 155 D a cartridge case 
is annealed to a smaller grain size than in its previous operation in order 
to retain some stiffness in the neck. The anneal was carried out in 7 to 
8 minutes at 1300° F., which compares, in the physical properties ob- 
tained, with, say, a 30-minute anneal at 600 or 700° F. in Fig. 127. 

Discussing the effect of grain size upon physical properties in the 
unstrained state, Templin ^ said, In the absence of cold- work, the grain 
size of a metal becomes of considerable importance. Experimentally 
it has been demonstrated that a piece of commercially pure aluminum 
sheet could be cut in half and each half annealed so as to produce in one 
a very fine-grained structure and in the other a very coarse-grained 
structure; with the result that the fine-grained piece has a tensile 
strength about 40 per cent greater than the coarse-grained piece. 

Jeffries and Archer ^ have very logically explained the higher 
strength accompanying smaller crystal size as being due to more fre- 
quent boundary interferences. Plastic working takes place by separate 
slip-plane movements traversing unobstructed planes of weakness be- 
tween rows of atoms through favorably oriented crystals along its 
path. Thus, in such a fine-grained structure as is illustrated in Fig. 
180 Dj each individual slip movement could progress only a very short 

* R. L. Templin, ^'Effects of Cold Working on Physical Properties of Metals,'" 
Technical Publication 238, A.I.M.M.E, 
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distance before being stopped by a maze of random atoms at a grain 
boundary. By the same token a lower yield point in the structure at 
Fig. 180 H and a possible zero yield point in the single crystal state 
are the natural results of the greater freedom of movement without 
boundary interference. 

Returning to annealing practice, many factors will affect the tem- 
perature at which work-strained metal begins to recrystallize. Table 
XII in Chapter VII gave approximate minimum temperatures at which 
this process starts in various metals under favorable conditions. Anneal- 
ing requirements and results are affected by: 

(1) the amount the metal has been cold- worked; 

(2) the temperature at which it was worked; 

(3) its condition (grain size) before cold- working; 

(4) the presence of impurity or alloying elements; 

(5) the si ate during annealing (sheets, packs, coils, stampings); 

(6) the length of annealing time; 

(7) the temperature of the anneal; 

(8) the ultimate grain size desired. 

(1) Severely cold- worked material can be completely rcannealed at a 
lower temperature than metal only slightly strained. This is probably 
due to the greater tendency toward rearrangement of the former and the 
smaller fragments on which to build. Drawn shells are of interest in 
that the metal around the wall is severely worked at the top edge but 
has received less and less working down to the bottom, which is practi- 
cally unstrained. 

(2) The rate at which metal strain-hardens in cold-working is less 
rapid as the working temperature approaches that of recrystallization. 
It is occasionally found that shells being worked to the limit will show a 
lower percentage of breakage in the summer than in the winter. Also, 
it is claimed that combinations of redrawing operations, as in double 
draw dies, permit greater reductions because the second operation is 
started while the metal is still warm from being worked in the first opera- 
tion. The advantage is probably relatively small for steel because the 
temperature difference is not great (probably not over 100^ F.). For 
similar reasons, advantage is claimed in using heated dies. This, again, 
would be most likely to show where considerable breakage results from 
excessive working between anneals for the metal used. 

(3) Strain-hardening in the cold-work range is necessarily cumula- 
tive. Suitable metal which has not been thoroughly annealed and then 
perhaps has been subject to appreciable cold-rolUng is not in its best 
state for reductions in drawing. Cold-roUmg is of course cold-working. 



202 


DRAWING SPEED, LUBRICATION, ANNEALING 


This does not reflect upon cold-rolled drawing steels, which had to be 
capable of withstanding considerable cold-working to be produced by 
that process, providing they have not been subjected to excessive reduc- 
tions (causing fractures) in the process, and providing they have been 
thoroughly annealed after rolling. To obtain a highly finished surface, 
it is necessary to subject the metal (annealed at relatively low tempera- 
ture) to a final light pass of cold-rolling with polished rolls. This must 



Fig. 181. — An automatic annealing equipment for drawn shells hooked up with the 
presses for operations both before and after the anneal. 


cause a proportionate small amount of strain-hardening which cannot be 
removed. 

(4) The presence of impurity and alloying elements in pure metals 
tends to increase both the annealing temperature and the frequency of 
annealing. It was shown, for example, in Fig. 31 that the rate of strain- 
hardening of steel is more rapid as the carbon content increases.' 
Increasing percentages of phosphorus, manganese and silicon in steel 
also increase the strain-hardening rate and therefore the frequency of 
annealing. It is said that 0.02 C wire may be satisfactorily annealed 
at 700® C., whereas 0.12 C wire annealed at 720® still shows cementite 
(FeaC) in elongated strings damaging to the structure. 

(6) In general, coil stock has a better reputation for drawing quality 
than sheet or strip material, apparently because the latter is usually 
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annealed in large packs requiring relatively long heating at low tempera- 
tures with non-uniform results. This is overcome, as in the case of 
many automobile sheets, by separate annealing of sheets in special 
automatic ovens. Drawn parts are usually annealed either in con- 
veyor or rotary-type ovens, Fig. 181, in which they are easily reached 
by the heat, and then are carried out and cooled quickly. 

(6) Slow annealing is unavoidable if a large mass must be penetrated. 
The longer the anneal at any given temperature the greater is the aver- 
age grain size and the possibility of non-uniform excessive grain growth 
in favorable localities. Rapid annealing involves higher temperatures, 
and with the thin unifonn sections of stampings, the penetration is 
immediate, and recrystallization starts simultaneously from many 
points with a uniform resultant structure. 

(7, 8) For the same length of t ime in annealing, a higher temperature 
will result in the growth of larger grains. Or if a smaller grain size is 
desired, a shoil^i e'xposure or lower temperature will be required. 

It has also been shown that in drawing steels having a carbon content 
between 0.02 and 0.12, and in some other metals, there is a critical com- 
bination of strain and temperature at which “ germination or an 
excessive grain growth results. For any given condition of strain there 
is no grain growth below this critical temperature and only moderate or 
normal grain growth above it. The variation of strain and temperature 
follows the same lines as the more general recrystallization temperature. 
That is, more severely cold-worked material has a lower germinating 
temperature than that which is less severely worked. 

It has been noted that the severity" of strain in the side-wall of a 
drawn shell varies from zero at the bottom to a maximum at the top 
edge. Accordingly, a 0.08 C shell might be annealed at a temperature 
which would produce germination say half way up the shell wall. There 
would then be a band of excessively large and soft grains about the 
center of the shell shading into normal annealing above and an unan- 
nealed state below. Such a condition would be likely to result in tearing 
at the weak band in further reductions. 

Table XVII, showing experimental results obtained by Ruder, ^ 
illustrates the variation of the point of germination with strain and 
temperature in silicon steel. When the metal is heated fairly quickly 
through the germinating temperature there is not time for excessive 
grain growth. 

By way of illustration of commercial annealing practice, one well- 
known manufacturer issues the following blanket instructions for the 
annealing of stampings made of deep drawing steel, in preparation 

* See footnote, p. 198. 
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for further redrawing. ^'Previous to annealing all oil must be washed off 
in a 10 per cent caustic solution. Then the parts must be dipped in a 
lime solution kept at about 180° F. When dry they are placed in 
a furnace at about 1250 to 1300° F. and kept there for about a 
half hour or long enough to insure thorough penetration. The parts 
are then cooled relatively slowly in another chamber.'' Another manu- 
facturer, using a rotary-type annealing furnace, maintains a somewhat 
higher temperature, heats for perhaps 10 minutes and then cools in air. 

Table XVII 

GERMINATION AND NORMAL GRAIN GROWTH IN SILICON STEEL ^ 


Per Cent 

Ten-hour Anneal at I’ahrenheit Temperature (Degrees) of 

Cold- Working 

1380 

1470 

1740 

2000 

0.625 

0 

0 

0 

Coarsest 

1.250 

0 

0 

Coarse 

Normal 

2.500 

0 

Coarse 

Normal 

Normal 

5.000 

Coarse 

Normal 

Normal 

Normal 

6.750 

Normal 

Normal 

Normal 

Normal 


Strains and Surface Markings. — Considerable space has been 
devoted to metal movement in drawing, showing, as in Figs. 117, 140 
and 149, how the metal is crushed into a smaller and smaller circum- 
ference with proportionate strain-hardening. In rectangular shells this 
action is localized largely in the corners; in almost every case the sever- 
est compressive action is around the top edge or flange of the shell and 
the severest tensile stress is above the bottom radius in the side-wall. 
In proportion to the severe cold-working involved, the crystalline struc- 
ture of the metal is severely crushed out of shape, necessarily leaving a 
network of strains throughout with actual minute fractures in places if 
the work has been carried too far. 

A number of distinctly different markings on the outer surface are 
recognizable, indicating what has been done to drawn shells. On the 
upper part of the shell wall, where high compressive stresses have been 
experienced, there may be a uniform unmarked surface possibly with a 
polished line around the top edge, a uniform polished surface, vertical 
scratches, vertical bands alternately polished and dull, or vertical cracks 
starting down from the top edge. On the lower part of the shell wall, 


* See footnote, p. 198. 
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where the high tensile stress has been experienced, the surface may show 
no markings, or a dull, pebbled appearance due to many little humps, 
or many small, horizontal, straight or crescent cracks, or horizontal 
fractures or tears. On the bottom of the shell the surface may be 
unmarked or show burnished portions or an alligator-skin pattern of 
wavy strain markings. 

Some of the shells in Fig. 136 have a narrow polished line around the 
top edge. Otherwise they are unmarked as the draw was not severe 
and there was ample clearance between punch and die for the normal 
increase in wall thickness. The line is due to the stiffness of the curl 
around the top edge of the shell left hy the drawing radius. The line 
may be reduced somewhat by increasing the draw radius, though with 
increased danger of wrinkles. 

A burnished i^r polished surface indicates ironing. If the polish 
extends only part way down the shell, the clearance between punch and 
die is probably about equal to the original metal thickness, and the iron- 
ing is merely removal of natural thickening in the upper wall (Fig. 149). 
Ironing to remove pits due to pickling or tumbling or to burnish the 
whole length of the side requires a die clearance considerably less than 
the original metal thickness. Ironing will burnish over surface cracks 
but will not remove the weakening effect of their presence. 

Vertical surface scratches indicate that metal has picked up or 
welded on the drawing radius. The cure may be merely repolishing 
the radius, possibly polishing in the direction of metal flow (for foil, 
etc.), using a- harder ring or a better lubricant, or slowing the press 
down. 

Vertical bands, alternately polished and dull, indicate that wrinkles 
have formed and have been partially ironed out. It is rarely possible 
to iron them out completely, and in any case the wall has been weakened 
at the fold or corner of the wrinkle. (See Fig. 140 e.) The cause may 
be insufficient blank-holding pressure, too much draw radius, too little 
corner radius (rectangular shells), etc. 

Frequently vertical cracks start down from the raw top edge of the 
shell if the particular metal is being cold-worked excessively between 
anneals. The cure is usually more frequent annealing, less severe 
reduction or better material. If the cracks do not appear for hours or 
weeks after drawing, the phenomenon is called “ season cracking. 
The causes are the same, but the action may be aggravated by the 
presence of a little unremoved pickhng acid. This acid, particularly 
in a moist atmosphere, is said to react to free hydrogen which is absorbed 
by the metal and seems to lower the cohesive strength along the grain 
boundaries and make the metal brittle. Typical season cracking 

* ‘‘The Importance of Grain Size of Sheet Steel for Deep Drawing,” by Reid L. 
Kenyon, 1934, A. S.M. preprint. 
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resembles the gradually spreading intercrystalline fracture of a fatigue 
break. See Fig. 139. 

With a relatively large bottom radius on the drawing punch, an 
easy draw, annealed drawing material and ample clearance, the lower 
part of the shell is likely to show very little marking. 

Frequently, however, the metal will show evidence of the working 
it has undergone, although no real damage has been done to it. Bright 
finished stock will, after drawing, present a dull finish which, under 
small magnification, gives the appearance of a pebbled surface or a 
series of tiny bumps. The relatively limited internal movement in the 
metal has apparently been sufficient to cause a twisting of groups of 
crystals through slip-plane movements, ruffling the previously smooth 
surface. The coarseness .of the pebbling is reported to be proportionate 
to the grain size. 

The next severer stage is a development of the same pebbled surface, 
in the area of high tensile strain, to a point where a multitude of tiny 
surface cracks, principally horizontal, begin to appear, under small 
magnification. If the metal is amply ductile this condition is likely 
to be accompanied by thinning or necking of the shell wall a little above 
the bottom radius, with occasional failures by tearing the bottom out 
of the shell. The cause of the trouble may be that strain-hardened 
material in the upper wall is offering too muph resistance and better 
annealing is required, or that the reduction per draw is too great for the 
plasticity of the material, or that the punch radius is too small. 

A burnished line around the shell just above the bottom radius indi- 
cates a relatively small bottom radius on the drawing punch in relation 
to the metal thickness. 

Highly finished deep drawing steel in particular is likely to show 
strain markings on the bottom of the shell, which may also be des^cribed 
as phantom lines or alligator-skin markings. Such lines may also 
appear, and detrimentally, on shallow form jobs where the blank must 
be stretched to shape as in Fig. 142. The Bureau of Standards^ has 
demonstrated that these markings are due to “ deformation by slip 
within certain favorably oriented grains,” and are the result of “ ex- 
tremely slight deformation ” at or slightly above the yield point of the 
material. In a drawn shell the damage is probably done just at the 
beginning of the draw. It is claimed in automobile work that the effect 
is eliminated by running the sheets through a roller leveler immediately 
before drawing. The leveler should effect slight strain-hardening. 

Burnished portions on the outside of the shell bottom indicate coin- 


* Research Paper 15. 
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ing of the metal in hit-home dies, a dangerous practice for the press if 
care is not exercised. 

“Ears’’ on Drawn Shells. — The formation of “ears” or high points 
around the top edge of a drawn shell is the result of directional differences 
in the plastic-working properties of rolled metal with, across and at 
45° to the direction of rolling. In the case of metals which are free 
from foreign inclusions these directional differences are supposed to be 
removed by annealing after rolling. 

Fig. 25 and Tables VII and VIII show, in shearing, tensile and bend- 
ing tests respectively, the directional differences in metal which result 
from cold rolling without correction by annealing. Fig. 25 B and C 
show that the old grains are much elongated in the direction of rolling. 
All three tests indicate that the metal has been strain-hardened less 
and has a lower yield point and greater plasticity in the direction of 
rolling than it has perpendicular to the direction of rolling. That is, for 
greatest struelur,J strength a specimen should have its stress axis 
across the direction of (cold) rolling. But for further cold-working with 
least likelihood of fracture the direction of the stress should parallel the 
direction of rolling. 

In a homogeneous metal there should be nothing to prevent the nor- 
mal grain growth which follows recrystallization, from proceeding uni- 
formly in all directions. Such growth should produce substantially 
equiaxed crystals which would retain practically none of the directional 
differences produced by cold-rolling. Within certain limits of cold- 
rolling and annealing temperature, this seems to be the case. But (in 
brass and pure copper, for example) it seems possible by critical com- 
binations of high annealing temperatures and severe reductions to pro- 
duce metal which will form objectionable ears or high points upon 
drawing. 

Templin claims that an initially fine-grained metal is less likely to 
show directional properties after severe cold- working and then anneal- 
ing, than a coarse-grained sample treated in a similar manner. Phillips 
and Bunn ® add their belief that “ extremely heavy reductions (in roll- 
ing) are to be avoided if uniform mechanical properties are desired.” 
In an earlier research, Phillips and Edmunds " described a comparison 
of two samples of copper only one of which formed objectionable ears or 
tips upon drawing. The satisfactory sample, cold-rolled in a number 
of passes, was reduced 77.5 and 70 per cent with intermediate and final 

® A. Phillips and E. S. Bunn, “Directional Properties in Rolled and Annealed 
Copper,” Technical Publication 413, Institute of Metals 132, A.I.M.M.E. 

^ A. Phillips and G. Edmunds, “An X-ray Study of Copper Which Showed 
Directional Properties on Cupping,” Proc. A,S.T.M. (1929), 29, Pt. II, 438. 
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anneals at 1120° F. and showed an equiaxed grain structure. The 
unsatisfactory sample was reduced 74 per cent in both steps between 
annealings and showed some grains in its final structure which were 
elongated in the direction of rolling. X-ray analysis of the crystal- 
plane structure was reported to show distinct directional preferences in 
the case of the metal which formed ears, compared with uniformity 
of crystal structure in the other case. 

The reductions described would seem to indicate that this metal 
had been worked close to its plastic limit., and that possibly groups of 
favorably oriented slip planes had suffered an over-strain or layer 
separation which would remain after annealing to interfere with 
uniform grain growth. 

Physical Test Data. — The physical tests which are in use for judging 
the drawing properties of metals include particularly cupping tests, the 
standard tensile test and microscopic examination. Their object is to 
discover the initial condition and to measure the workability or plastic 
range of the metal. 

Microscopic examination of a polished and etched section may reveal 
to the experienced eye about as much as any test, for drawing purposes. 
It will show, for example, whether the grains are strained or relatively 
unstrained, or whether they are small, large or unduly non-uniform. 
In steel, one may judge the proportion of the light-colored and ductile 
ferrite crystals to the dark and less ductile pearlite; in brass, judge the 
presence of unabsorbed zinc or lead at the grain boundaries which 
weakens the structure for drawing. In copper, fine particles of copper 
oxide diffused through the crystals hard(‘n the material by interference 
with the slip-plane movement in cold-working, etc. 

Cupping tests endeavor to imitate the drawing operation and offer 
a means of comparison of some properties which are of interest. 
Here a blank or strip sample is clamped upon a small round die by 
means of a blank-holder ring, and a round-nosed punch is then forced 
against the blank, drawing it down to the breaking point. Fig. 182. 
The distance the punch has penetrated at fracture is taken to indicate 
the relative drawing capacity. The appearance of the break and of the 
surface of the severely stressed metal serves to indicate grain size and 
uniformity of structure in a general way. 

This test indicates the ductility of the metal, as most of the deforma- 
tion is obtained by stretching, although stretching plays little part in 
drawing shells, as was shown in Chapter VIII. It does not ordinarily 
test malleability, as required for the compressive movement in most 
drawing operations. And as indicated in Table XI, ductility and mal- 
leability are not quite the fjame thing. 
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Furthermore, the cupping test is performed slowly compared with 
press operating conditions. It is essentially a test of general elongation 
which changes with speed, for, to quote Maitland, a steel which showed 
27 per cent elongation in 2 in. when broken slowly, showed 47 per cent 
elongat ion when broken by the inertia of a falling block, and 62 per cent 
elongation when broken by a gunpowder explosion— and even this is 
well below the ultimate elongation. Figs. 19 and 126. The per cent 
elongation in 2 in. (or any appreciable length) is not an index to the 
maximum amount which the metal can really be moved in tension, but 
merely indicates at what point that elongation becomes local instead of 
general, or how soon “ necking occurs under the specific conditions. 
Local weaknesses in the material which cause 




necking to start (often int(Tcrystalline) require 
time to develop). 

Further variation due to speed occurs in the 
cupping test vviili t hose metals which recrystallize 
near or below room temperature and therefore 
are worked in the amorphous condition. In j 

this phase, speed of working is known to affect 
many properties. An investigation by Mathew- 

son, Trewin and Finkeldey ^ Reports n'garding 182.— 1 he cupping 

the cupping test that “ the only means of obtain- erlLs of‘^meTa*ls 

ing ndiablc practical indications of the drawing relative general elonga- 

quality of the material [zincj is to deform the tion and type of fracture. 

metal at a rate comparable with that which 

obtains in practice in actual p^ress work.^^ This is done in a dynamic 

testing unit comprised of a double-action cupping die in a bench press, 

with special screw adjustment for easy depth changes. Fig. 183. 

The well-known tensile test has certain disadvantages, but may 
readily prove quite satisfactory as a means of determining the plastic 
range of a sample of metal for drawing purposes. It was pointed out, 
in connection with formula 23 and Figs. 17, 18 and 126, that per cent 
reduction in diameter is a proper measure of metal working in drawing, 
and that it is directly comparable with per cent reduction in area as 
measured in the tensile test. The reduction in area from the original 
cross-section to that at the neck when failure occurs, measures accu- 
rately the plastic range from whatever initial state the metal may be in, 
to the plastic limit at which all slip planes have been used up and failure 
follows. An initial state comprising a large-grained, unstrained struc- 


®C. H. Mathewson, C. S. Trewin and W. H. Finkeldey, “Some Properties and 
Applications of Rolled Zinc Strip and Drawn Zinc Rod/^ Trans. A.I.M.M.E. (1920), 
64, 306. 
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ture will extend the workable range, and a small-grained or partially 
cold-worked (strain-hardened) structure will of course reduce it. 

Another method of determining the plastic workability might be 
offered for metals for which we may know the chemical analysis and 
corresponding plastic curve or rate of strain-hardening curve, Fig. 122. 
On such a curve the plastic limit, or the point to which plastic working 



Fig. 183. — A dynamic ductility testing unit for performing the cupping test at normal 

drawing speeds. 

may safely be carried, should be permanently designated. The initial 
theoretical yield point of the metal, as received, must then be found and 
noted on the curve to determine the extent to which the metal may 
safely be cold-worked. The vagaries of the initial yield point were illus- 
trated in Figs. 118 and 123, showing test yield points aboye, below and 
on the plastic curve. It is therefore suggested that the theoretical yield 
point be determined by carrying the test a known amount beyond the 
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elastic limit to a point (S 2 ) safely upon the plastic curve and then figur- 
ing back the position of the theoretical initial yield point (Si) by a modi- 
fication of formula 17 (see also Fig. 125). 

Thus, for example, we may measure the stress (actual unit stress, S 2 ) 
required to produce an elongation of, say, 25 per cent on a measured 
gauge length on the specimen, provided it is a sufficiently ductile 
metal so that the general elongation before necking begins is greater 
than this amount. By Fig. 18, 25 per cent elongation is equivalent to 
20 per cent reduction (r = 0.20). We have assumed that the 
measure of the rate of strain hardening of the metal, is known. Then, 
by rearranging formula 17, the theoretical initial yield point should be: 


(S2 — rSx) 


(36) 


The test elong^^lion and corresponding value of r may of course be 
chosen to suit the metal. 
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Squeezing a slug or blank of rnetal to a desired shape by sheer 
force is the last and the most severe of the four groups of press opera- 
tions. Included are the classes known as sizing, swaging, embossing, 
coining, extrusion, press forging and some stamping operations. 

The pressure required to accomplish a squeezing operation depends 
upon the area squeezed, the extent of the squeeze and the resistance 
offered. This resistance varies with the metal, the freedom of flow and 
the amount the metal has been and is to be cold- worked. 

It is useful to consider the metals which are worked by squeezing as 
very viscous fluids. For pract ical purposes they are incompressible, so 
that any squeeze in one direction must be expected to yield an expan- 
sion at some other point. In cold- working operations the viscosit}^ 
increases as the movement progresses. 

Volume Changes. — For close computations it may be noted that 
the volume of the whole piece or the density (mass per unit of volume) 
of parts of it are altered slightly by pressure, temperature and cold- 
working. 

An increase in external pressure causes a very slight reduction in 
volume owing probably to elastic reduction of the distance between atom 
centers in the crystal structure. This may be approximated from the 
bulk (volume) modulus. Table XXVII. An elastic return to the original 
volume is to be anticipated upon relief from pressure. The ratio of unit 
pressure, aS, to the bulk modulus, R, is the same as the ratio of the volume 
change, (Fi — V 2 ), to the (smaller) volume, V 2 : 


S ^ (Vi - V2) 
B V2 


(37) 


Cold-working of a metal (below its recrystallization temperature) 
actually causes an increase in volume. The change is small, being in the 
nature of 0.3 per cent for extremely severe cold-working. The reason 
for it is undoubtedly that the badly distorted structure of the severely 
worked material keeps it from packing so closely as an unstrained crystal 
structure of uniformly spaced atoms permits, just as crushed stone 
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cannot be packed closely enough to equal the density of the solid rock. 
Accordingly, it may bo anticipated that annealing or recrystallization 
which regenerates the grain structure will bring the density and volume 



Fia. 183a. — 1000-ton Bliss fast-acting hydraulic press stamping electric stove parts. 
This type of press gives controlled working pressures. 


back to normal. Table XVIII, taken from the data submitted by 
Houdremont and Burklin in the Iron and Steel World for December, 
1927, shows very well the decrease in density as a low-carbon steel wire 
is cold-worked by redrawing. See also the density curve, Fig. 124. 

The application of heat also increases the volume of metals, owing, 
it is believed, to the increased period of vibration of the electrons and 
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hence the increased spacing of atoms in the normal crystal lattice. 
Allowance must therefore be made in the dimensions of dies for press 
forging and hot sizing for the amount the piece will shrink upon cooling. 
In general, any die dimension Li should be: 

Li = Lfih - fc) (38) 

in which L is the desired cold dimension of the piece, / is the thermal 
coefficient of linear expansion from Table XXVII and (^i — fe) repre- 
sents the difference between the working heat of the piece and average 
room temperature in degrees Fahrenheit. When the dies are operated 
consistently at a fairly high temperature, a further correction may be 
made for that if so desired. 


Table XVIII 

DENSITY CHANGE WITH COLD WORKING " 


steel No. 1 
Analysis 

Wire 

Diameter, 

Inches 

Reduction 
of Area, 

Per Cent 

Tensile 
Strength, 
Pounds per 
Square Inch 

Density 

Density 

Decrease 

0.13 C 

0.315 


59,800 

7.858 


0.27 Si 

0.232 

45.3 

98,200 

7.846 

0.15 

0.48 Mn 

0.139 

80.5 

114,000 

7 . 832 

0 33 

0.026 P 

0.083 

93.1 

158, 0(X) 

7.829 

0 . 37 

0.021 S 

0.032 

98.92 

216,000 

7.813 

0 . 55 


0.016 

99.75 

248,000 

7.786 

0.89 



Hardened at 





0.315 

1436° F. 

107,000 

7.840 

0.14 



1688° F. 

150,000 

7.853 

0.06 


^ From Houdremont and Burklin. 


Pressure of Fluidity and Rate of Strain-Hardening. — Unwin has 
given what he calls a pressure of fluidity ^^for copper at 54,000 lb. 
per sq. in. and for steel at 112,000 lb. per sq. in. Certain it is that metal 
is made to flow, cold, in many die operations. But its path through the 
tools and its previous treatment have much to do with the pressure 
required to start it. The extent of the flow may raise the pressure con- 
siderably higher during the operation because of strain-hardening. 

According to Fig. 122, a commercially annealed mild steel (of say 
0.15 C) will offer a resistance of about 56,000 lb. per sq. in. at its annealed 
yield point where flow ” really begins. If it is submitted to the tensile 
test, its resistance to flow (or stretch in this case) increases as it becomes 
longer until it fractures at an actual unit stress at the cross-section of the 
neck of around 110,000 lb. per sq. in. In Table XVIII a low-carbon 
steel has been cold-worked, by the more favorable process of wire draw- 
ing, to a point where it offers a resistance to further working of 248,000 
lb. per sq. in. That might be considered the fluidity resistance of 
that particular piece of mild steel in that state of strain-hardness. 
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Fig. 14 showed how samples of different steels followed the same 
elastic curve up to different yield points according to their carbon 
content. Figs. 15, 118 and 184 show how the yield point of any metal 
rises as the metal is strain-hardened, whether that strain-hardening is 
accomplished by cold-rolling, cold-drawing or cold-squeezing. Figs. 16, 
17, 120, etc., have been arranged to show that the metal behaves itself 
approximately in essentially the same way internally whether the direc- 
tion of the deforming force is tensile or compressive. This is of value in 
that it permits determination by tensile test of the yield point of metal 
which is to be worked in compression. The cross-section area of the 
metal does not change appreciably 
in the elastic range, and directional 
load differences should nut be of 
practical importance. 

Yield point of the metal as re- 
ceived is emphasized with respect to 
squeezing operations because the 
metals used in this group are often 
purchased in quarter-hard or half- “ 
hard temper to avoid dragging down pjQ 134 — Compression-test c u r v e s , 
of high points, as in Figs. 193 and both continuous and interrupted, of 
207, by tensile surfaces stresses. alleged 0.15 C steel. 

Even when annealed metal is used 

it must be noted that commercial annealing rarely produces as low 
yield points as the laboratory values given, for example, in Fig. 19. 
To show the manner in which the yield point changes with cold-working 
and to show that steel behaves in essentially the same manner as the 
non-ferrous metals (Chapter VII), the experimental test curves shown 
in Fig. 184 were obtained and checked in an Olsen recording testing 
machine. 

Two blanks or slugs % in. in diameter and in. high, out of the 
same piece of 0.15 C machine steel, were carefully annealed and allowed 
to cool in the furnace. One slug was compressed steadily to about half 
its original height, rising from a yield point, in the annealed state, of 
about 37,000 lb. per sq. in. to about 115,000 lb. per sq. in. as the metal 
strain-hardened. Then, to show the progressive rising of the yield 
point as the metal is plastically cold-worked, the second blank was 
squeezed down step by, step. After each additional squeeze the blank 
was removed from the machine to be measured and tested for hardness, 
and then returned to the machine without disturbing the recording 
apparatus. After being squeezed to half its thickness, it was rean- 
nealed and the squeezing test continued. 
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In Fig. 184, showing the original curves for both blanks, note that in 
contour the curve taken without interruption coincides almost identically 
with that taken step by step. The latter has been reconstructed in 
Fig. 185 with irregularities neglected. In the reconstruction, the mea- 
surements taken have been used to convert the stress to pounds per square 
inch, to eliminate the misleading effect of increasing area as the blank 
diameters were forced to increase. 

In Fig. 185 we have in effect a series of separate tests. In each, the 
pressure rises elastically to a yield point and then follows a plastic curve 



Cold Working — Percent Reduction in Thickness 

Fig. 185. — The curves at the right in 
Fig. 184, rearranged to sho\V increasing 
yield points in unit stress values. 



Fig. 186. — Yield point and increasing 
unit resistance to cold compression of 
cold-drawn copper slugs. 


to the cessation of that test. Placed together, the plastic portions form 
a continuous curve, a part of the rate of strain-hardening curve. Each 
yield point indicates the amount of work previously done on the metal, 
whether it was done by squeezing, stretching, rolling, bending or draw- 
ing. The drawn rod, as received and before annealing for the. test, 
showed a yield point in compression over 100,000 lb. per sq. in. It 
annealed to a yield point of 37,000 lb. per sq. in. Compression raised 
this yield point to 115,000 lb. per sq. in. Reannealing reduced it to 
45,000, and further compression again raised it to 95,000. Neither 
annealing reduced it to the low value of 23,000 lb. indicated in Fig. 19. 
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Figs. 186 and 187 show another case in point. A series of slugs 
were prepared, of identical dimensions, from cold-drawn copper rod. 
They were then squeezed between fiat, hardened and ground surfaces 
to about two-tenths of their initial height. This was done step by 
step in Olsen testing machines. Fig. 186 shows a curve plotted from 
over a hundred readings illustrating the change of resistance as the 
metal was cold-worked. Certain good authorities give copper an 
elastic limit between 730 and 29,000 lb. per sq. in. Probably yield 
point would be a better term. Others suggest 8000 as the value. Yet 
Fig. 186 shows it quite clearly between 45,000 and 48,000 lb. per sq. in., 
indicating that the cold-drawing process, by which the rod was pro- 
duced, had strain-hardened the metal materially. The hardness rose 
from scleroscope No. 73 to No. 93 during the test. Toward the end all 
favorably placed slip planes were used up and the curve began to rise 



Fig. 187. — Copper slugs squeezed cold to as little as 14 per cent of their original 
thickness, without annealing. 

sharply. Then internal and edge fractures appeared and the curve 
dropped. 

From the foregoing, if a slug or blank is to be subjected to a small 
and unimpeded movement, its test yield point prior to the squeezing 
operation will very nearly coincide with the resistance it will offer to 
the machine doing the work. If the metal is reduced to a fraction of its 
original thickness the resistance offered will rise materially above the 
initial yield point. And yield point is not a fixed value for any given 
metal but varies over a wide range according to thoroughness of anneal 
and subsequent cold-working. 

The cold-work range for a metal is that below its recrystaUization 
temperature, as discussed in Chapter VII. As the working temperature 
nears that of recrystallization, strain-hardening is less rapid. At or 
above that temperature, as in zinc, tin and lead at room temperatures, 
strain-hardening occurs to a limited extent, when the material is worked 
quickly, but its effects disappear with time. 

Fluidity and Restraint of Flow. — A part of the rise in pressure in 
Fig. J.S6 is not due to strain hardening but to a rising interference with 
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the freedom of movement of the metal. It is interesting in this con- 
nection to consider the material both as an elastic solid and as a fluid. 

In Fig. 188, sketches a and b are arranged to illustrate the elastic 
condition. The plan view of a flat disc is divided into rings of equal 
area. Pressure exceeding the yield point, aS, of the material should 
move metal within, say, the inner ring of diameter d. Yet to squeeze 
this ring thinner means increasing its diameter, and this in turn means 
stretching the rings around it. The fluid pressure, P, within this inner 
ring to stretch the rings of yield point S about it, may be arrived at by 
formulae which reduce to P = SD/d. Applying this to each ring suc- 
cessively we obtain a squeezing pressure building up from the yield point 
around the outside to many times that value as shown in sketch b. 
This analysis is theoretically not affected by increasing the thickness 
or height of the slug to the proportions of a column. 

If the metal is considered as a fluid mass, on the other hand, the 
pressure would be the same at any point or in any direction (PascaPs 
law). That is, it would be impossible to build up higher pressure 
toward the center. 

In practice, however, the extreme viscosity, or resistance to 
flow, of the metal, creates a condition midway between these two theo- 
retical cases. As the metal becomes thinner with relation to its area, 
the squeezing pressure builds up toward the center to values far above 
the yield point. 

Thus the thinnest blank in Fig. 187 resembles 188 c and d in that it 
is measurably thicker in the center than at the edges. This is due to 
relatively greater deflection of the hardened squeezing steels toward 
the center of the disc, which in turn is due to relatively higher pressure in 
that area. Yet, as the curve of the surface indicates, the pressure does 
not rise sharply as in sketch b but gradually as in sketch e. 

Sketch e in Fig. 188 shows the fluid pressure found experimentally 
in thin films of lubricant in loaded bearings. The lubricant naturally 
tends to escape at ends of the bearing where the flow is unrestricted. 
Yet because of its viscosity and relative thinness it builds up a high 
pressure resistance. 

Note incidentally that the thin sample in Fig. 187 shows tensile 
fractures all around its outer edge, indicating the severe stretching of 
the outer rings of material as the inner rings expand them. 

From the foregoing it is clear that the squeezing of thin plates of 
large area is relatively very severe and capable of building up unduly 
high local loads on the die steels and press, and such proves to be the 
case in practice. For the sake of both tools and machine the die sur- 
faces should be relieved wherever possible* 
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Fig. 189 illustrates a few typical squeezing jobs in cross-section 
arranged to show methods of relief, and restrictions to flow. 

Sketch a (Fig. 189) represents a typical sizing operation on a drop 
forging. The boss is to be bored as indicated by the dotted lines, so 
that there is no need of flattening the entire face. Accordingly, the 
forging die is arranged to give the depressions shown, thereby cutting 
down instead of building up the load on the die steels. The rehef might 
be obtained with depressions in the die instead of the forgings, but this 
would mean more expensive die steels and accurate location of the forg- 
ing each time. Most sizing operations are comparatively easy in that 



Fia. 188. — Pyramiding of pressure 
toward the center of a blank and of a 
thin fluid film. 


Fig. 189. — Freedom of flow or restric- 
tion to flow of metal in typical squeez- 
ing operations. 


the area being squeezed is small compared with the thickness of the 
forging, the flow is relatively little and there is rarely any restriction to 
lateral movement of the metal. 

In the case shown, the flow and strain-hardening effect will be pretty 
well locaUzed at the surfaces, as the horizontal cross-section is the least 
there. This is desirable both to give a good surface and to avoid chang- 
ing center distances or structure in the body of the forging. Variations 
in forging thickness, spring-back and the use of size blocks will come up 
for discussion later. 

Sketch h (Fig. 189) shows a push-button wall-plate stamping, the 
front comers of which must be sharp. It is impossible to get this effect, 
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no matter how great the pressure, unless the whole face of the punch is 
relieved so that pressure is exerted only along a narrow line inside the 
corners. Bending naturally thins the metal at the corner, and actual 
coining must take place to obtain a fill. Limiting this coining to narrow 
lines just where it is required prevents a building up of pressure and 
keeps the load on tools and machine within reasonable limits. 

Sketches c and d (Fig. 189) show typical cold forging or swaging 
op>erations where a blank is cut having approximately the thickness of 
the thickest portion of a desired shape. The balance is then squeezed 
down to perhaps a half or third of its original thickness and finally is 
trimmed and possibly shaved to a desired outline. The proportion of 
the area squeezed to its final thickness determines the severity of th^" 
operation. Accordingly, sketch d illustrates a much more severe job 
than sketch c, and actually the tools for it require more frecpient redress- 
ing and the average results are not so accurate. The thin portion of 
part c is to be trimmed into gear teeth (for an adding machine). Accord- 
ingly the blank is developed to a gear tooth outline which, after the 
squeeze, will leave a minimum to be trimmed off. This development 
helps to keep down the area to be squeezed and eases the tool load. 

Sketch e (Fig. 189) illustrates a rather severe brass press forging. 
It is severe because the area being squeezed is relatively large compared 
with the thin section of the flash, which is the point of escape for the 
excess metal. The last portion of the punch advance causes a consider- 
able flow of metal from the center out, and the narrow part sets up quite 
a back resistance. With reasonably careful control of volume and 
set-up a closed-die forging job such as sketch / is really less severe on 
the tools. 

Sketch g shows a typical coining job as in mint work. Here again 
closed-die construction is used and the pressure reduces the thickness 
of some parts of the blank causing it to thicken and fill in other parts. 

Sketch h (Fig. 189) represents a large, flat, steel blank squeezed over 
approximately its entire area, to produce, in this case, an effect of etching. 
For practical purposes this also may be considered as a closed-die job, 
for the relation of area and thickness is such as to preclude any relief 
from flow of the steel without injury to the dies. 

Extrusion will be left for cons^eration by itself. The dies are not 
entirely closed, of course, but the velocity of flow through the small 
orifice is responsible for high loads in proportion to the metal yield 
point. 

For convenience, squeezing operations may be divided into four 
general groups approximately according to their severity. A measure 
of this increasing severity is found in the fact that the groups are largely 
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limited to the working of progressively softer and softer metals. There 
are, of course, some exceptions. 

Classification. — The first and ordinarily the least severe is the mere 
sizing, flattening or surfacing of forgings, stampings or castings in iron, 
steel or softer metals. Here, there is ordinarily little if any restriction 
to flow and the amount the metal is moved is relatively small. 

Second is swaging, cold forging or upsetting, where a suitable blank 
or slug is forced into a desired shape to save machining. This usually 
involves considerable free flow of metal in some portions of the job. 
Some steels, preferably of low carbon content, and the softer metals can 
be worked in this manner. 

The third division is coining, stamping or embossing, in which the 
metal, fairly well confined and usually in comparatively thin sections, 
may be forced to flow to fill the shape and profile of the dies. Coining 
gets its name from preparation of coins in the soft precious metals and 
has been extended to the working of brass and the white metal alloys. 
Stamping and embossing operations are frequently found in the working 
of steel, but in such cases either the die is carefully relieved to limit the 
working area to narrow lines, or considerable care must be exercised in 
making set-ups to av.oid overloads. 

Hot forging operations should undoubtedly be considered with the 
third division. The flow is considerable up to the point where the metal 
fills a closed die or reaches the narrow flash relief of an open die. Some 
steel and much brass is press forged. 

The fourth group is extrusion, in which the metal is forced to flow 
more or less rapidly through an orifice of the desired shape. The condi- 
tions are generally very severe, limiting practice particularly to tin, 
lead and aluminum, and in certain cases to zinc, brass and copper. 

Sizing Drop Forgings. — In the first group, sizing operations, where 
the metal is usually moved very little and without restriction, the most 
general application and the one receiving the greatest attention is the 
sizing of steel drop forgings. Fig. 190 shows a random select ion of drop- 
forged automobile parts on which flats, angles or boss faces have been 
squeezed to size in knuckle-joint type presses. The object, of course, 
is to squeeze the boss surfaces of the unfinished forgings accurately to 
size so that the usual milling or grinding operations are unnecessary. 

The trade reports that under favorable conditions one operator and 
one press can size cold four to eight or ten times as many parts as can 
be milled or ground by one operator with a suitably rigged machine- 
tool. And where the quantity is suflBcient and the shape of the part is 
adaptable, a magazine push feed can be applied to the press and the 
rate increased by another 25 to 50 per cent. 
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The division of the General Motors Corporation which furnished the 
samples shown in Fig. 190 advised that their usual tolerance for such 
work was plus or minus 0.001 in. This is fairly representative and is 
closer than tolerances ordinarily used on the milling of such parts. 

A division of the Chrysler Corporation reports that they rough-size 
their connecting rods to about +0.010 in. and then finish-size them to a 
close tolerance in a 1000-ton knuckle-joint press. 

The dies for sizing bosses are usually plain blocks with compara- 
tively large surface area so that the forging need not be located with 
especial care. For close limits, size blocks or contact surfaces are built 



Fig. 190. — A group of automotive drop forgings including also two malleable castings, 
on all of which bosses or other surfaces are coined to size, displacing machining or 

grinding operations. 


into the dies. These may take the form of parallels between the punch 
and die. The object of this construction is to insure having the squeez- 
ing surfaces of the dies come to the same place each time. Without it, 
variations in the original thickness of the forging and in its hardness 
result in a varying load on the press and consequent variations in the 
several oil-film thicknesses and in die and bolster deflections. Practice 
varies regarding the area of contact surfaces, but using hardened sur- 
faces with twice the area of the surface being sized has given excellent 
results. In this case, about two-thirds of the pressure may be exerted 
upon the contact blocks, and the press must be selected on the basis of 
three times the work^ pressure plus the usual margins. 
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The error or variation which cannot be eliminated is that due to 
differences in elastic spring-back. Fig. 191 shows the curve recorded 
in a compression test of a ^-in. diameter disc of commercial cold-drawn 
steel rod 3^ in. high. The test was performed in an Olsen recording 
testing machine and carried to a 20 per cent reduction, showing an ini- 
tial yield point at about 50 tons per square inch, the stress rising to 
about 63 tons per square inch at the end of the desired squeeze. The 
recorded plastic flow from the yield point to the end of the curve (about 
0.042 in.) agrees reasonably with the permanent set shown by the dimen- 



Compression-In, 

Fig. 191. — A compression test of diameter commercial cold-drawn steel showing 

elastic deflection and plastic strain-hardening. 

sions of the slug (0.244 — 0.204 = 0.040 in.), and indicates that the 
spring-back must have about equaled the recorded elastic deflection 
(approximately 0.018 in.). Half of this seems to be in the tools, but 
0.009-in. elastic spring-back or about 4 per cent of its length appeared 
to be in the piece. This compares with a 0.0007-in. theoretical elastic 
deflection. 

Table XIX gives test results covering the apparent elastic spring- 
back of cast-iron piston rings after sizing, and illustrates the variations 
resulting from structural differences in the material. In this test, rings 
which had been faced off were squeezed between substantial hardened- 
steel die blocks separated by hardened distance pieces 0.1173 in. thick. 
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Table XIX 

SIZING THICKNESS OF CAST-IRON PISTON RINGS' 


Thickness, inches 

Changes, inches 

At Gate 


At Riser 


0° 

90° 

180° 

270“ 

Specimen 3 

Squeezed in 400-ton knuckle-joint jiress 

Before squeeze 

0 122G 

0 1228 

0.1227 

0.1223 

After squeeze 

0.1198 

0.1200 

0.1198 

0.1196 

Permanent set 

0.0028 

0.0028 

0.(K)29 

0.0027 

Spring-back 

0.0025 

0 0027 

0.0025 

0.0023 

Specimen 4 

Squeezed in 400-ton knuckle-joint press 

Before squeeze 

0 1221 

0.1223 

0.1223 

0 1226 

After squeeze 

0.1191 

0.1200 

0 1200 

0.1196 

Permanent set 

0.0030 

0.0023 

0.0023 

0.0030 

Spring-back 

0.0018 

0.0027 

0.0027 

0.0023 

Specimen G 

Squeezed at 400 tons in hydraulic press 

Before squeeze 

0.1228 

0.1228 

0.1223 

0 1224 

After squeeze 

0.1215 

0.1217 

0.1213 

0.1216 

Permanent set 

0.0013 

0.0011 

0.0010 

0.0008 

Spring-back 

0.0042 

0.0044 

0.0040 

0.0043 

Specimen 9 

Squeezed at 600 tons in hydraulic press 

Before squeeze 

0.1233 

0.1230 

0.1230 

0.1233 

After squeeze 

0.1204 

0.1213 

0.1209 

0.1211 

Permanent set 

0.0029 

0.0017 

0.0021 

0.0022 

Spring-back 

0.0031 

0.0040 

0.0036 

0.0038 


® Tools all liardened and ground tool steel: 0.1173-in. spacers between ^-in. blocks backed by 
2-in, thick blocks. Test by W. P. Blake and A, E. Caserta.' 
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The elastic spring-back from this figure varied between 1 and 5 per 
cent of the ring thickness (0.0017 to 0.0052 in.). The variation in thick- 
ness in any individual ring after sizing varied from 0.0005 to 0.0010 in. 
Cast iron is notably not uniform in density on account of air holes, 
voids, inclusions and non-uniform crystallization. The cast piston rings 
developed a noticeable softness, near the point where the gate had been 
attached, amounting to a five-point difference on the scleroscope 
(40 “45). This relative softness resulted in general in less spring-back 
and greater permanent set. 

Returning to drop forgings, the usual finish allowance for sizing is 
about M 2 in., although in some cases it is as much as in. More 
can be allowed but is not required and may prove troublesome. If the 
rough forgings vary considerably in thickness, the pressure which the 
press is called upon to exert will vary also, as indicated, for example, by 
Fig. 191. • 

The forging to be sized may, of course, have a number of different 
finished surfaces at varying levels, which arc taken care of by corre- 
sponding steps in the die. The relative heights of such bosses on the 
sized forgings arc found more reliable than they would be if the piece 
had been machined. Sizing of forgings is not limited to the flat surfaces 
of bosses. Rounds, bevels, sides, tapers, flanges, even the inner sur- 
faces of punched holes, can be sized smooth and accurate. One thing 
to watch, especially in sizing steel, is to have ample space for the free 
flow of the metal in order not to restrict it so that the pressure builds up. 
A certain amount of restriction is possible, but it necessitates greater 
care in construction of the die, and the life of the tools is proportion- 
ately reduced. 

Referring to Fig. 189 a, attention was called to the fact that forging 
a depression in the center of bosses prevents pyramiding of pressure 
there, which is hard on dies in a squeeze of large area, and localizes the 
deformation at the surface of the boss. Such forged depressions are 
also illustrated in the boss on the gear-shift lever in Fig. 190. If the 
upper face of a boss is larger in area than its lower face, the metal move- 
ment and therefore the smoothing and squaring-up effect will be local- 
ized at the small end. Working naturally occurs where the resistance 
to metal movement is least. Considerable local surface movement 
may be expected to give a smooth surface and some surface strain- 
hardening. 

To compute the load requirements in the free-flow sizing of drop 
forgings A. R. Kelso reports compression tests made in Olsen testing 
machines. A 0.45 C steel (S.A.E. 1045), having a Brinell hardness of 
197, showed a yield point of about 82 tons per square inch. A 0.25 G 
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steel (S.A.E, 1025), having a Brinell hardness of 137, showed a yield 
point of about 50 tons per square inch. The actual load will be greater 
than these figures indicate, by a small or a large margin, depending 
upon the freedom of flow and the increase in resistance due to strain- 
hardening (Fig. 191). Allowance must be made for the equalizing 
pressure to be applied on the size blocks if these are used. Beyond 
this, most press manufacturers recommend an allowance of about 100 
per cent owing to the positive action of the press and the possibility 
of oversetting or feeding oversize blanks on work of this sort. 
Several automobile manufacturers select their sizing presses on a basis 
of 100 to 200 tons per square inch of forging area to be squeezed. 

Warmth in Sizing Operations. — Some shapes may present too large 
a surface area and therefore require too great a pressure to admit of 
cold sizing in available press equipment. Or the shape may be too 
intricate or too thin in proportion to its surface area for successful cold 
sizing. In either case, some advantage may result from a warm or hot 
squeezing operation below the temperature at which the metal would 
oxidize and form scale. The use of such an operation may reduce the 
required machining to merely a finishing cut or may possibly eliminate 
it if tolerances and surface finish are not particular. The accuracy of 
cold coining cannot be expected from such operations, as any variation 
in temperature will result in a difference in the amount the metal yields 
under pressure and in the amount it shrinks in subsequently cooling to 
room temperature. It has been suggested that the parts be sized 
immediately after forging or after annealing in order to avoid heating 
charges. In either case, non-uniformity in sizing temperature and 
the formation of scale would have to be avoided. 

Sizing and Surfacing Castings. — Castings as well as forgings are 
frequently squeezed to dimension. Many brass, bronze, aluminum and 
alloy castings and some steel and malleable castings lend themselves to 
cold sizing and surfacing methods. Two L-shaped malleable cast-iron 
brake levers in Fig. 190 come in this class. In such cases the same gen- 
eral comments apply as have been made on the sizing of drop forgings, 
except that the yield points of the softer metals are materially lower 
with proportionately lower press requirements. In the use of brass 
there is an increasing tendency to resort to hot press forgings for many 
shapes, the accuracy being very nearly as close as could be obtained by 
cold sizing a drop forging. 

Another application of squeezing methods to castings is found in the 
preparation of some classes of hardware for plating. The surface of the 
casting can be coined suflSciently smooth to eliminate or greatly reduce 
the preparatory hand work and buflSng. In Fig. 192 is shown a cast 
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handle which is surfaced in this manner for nickel plating, a fin of surplus 
metal being forced out which must be shaved off later. The presssure 
allowance for this job should be about 90 tons per square inch of pro- 
jected area. 

The finish obtained in sizing and surfacing operations depends upon 
both the part and the tools. For a high finish on cold-rolled steel strip 
or sheets the mill rolls must be ground and polished to a high degree 
and the strip must be absolutely clean and reasonably smooth before 
the finishing pass. With equal care, a similar finish may be obtained in 



Fig. 192 . — {Upper left). A cast-brass 'handle of an automobile door squeezed in 
knuckle-joint press to prepare its surface for plating. 

Fig. 193 . — {Upper right), A mild steel blank squeezed down to leave an extending 
lug of the original metal thickness. 

Fig. 194 . — {Lower left). A severe sizing operation to square up top, sides and hole 

walls of a steel blank. 

Fig. 195 . — {Lower right). A sizing operation to square up the edges, corners and 

bottom of a formed lever. 

sizing operations. It may be expected, however, that any tool mark or 
scratch on the surface of dies will leave its impression on the surface of 
the work, and shallow gouges or scratches on the work may necessitate 
considerable surface movement or squeeze to smooth them out. It is 
easy to pick out on a blank, stamping or forging the very smooth areas 
where sufficient pressure has been exerted to cause surface movement. 
Scale and the thinner oxides break up with the surface movement and 
spread, if the movement is sufficient, leaving patches of clean metal. 
It is often possible to follow the metal movement by the movement of 
the oxide on the surface of a severely worked piece. Thus in Fig. 193 
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the outline of the blank is clearly visible on the surface of the swaged 
sample. If necessary, a mirror-like finish can be obtained by squeezing 
smooth and absolutely clean metal between highly polished dies. 

Sizing Stampings. — Many sizing operations are required on parts 
stamped out of rolled metal to square up, set down, flatten or otherwise 
correct surfaces or the relations between surfaces. Thus in drawn 
shells it may be a squeeze to insure pro])er relation between locating 
flanges at the top and the bottom. 

Fig. 194 shows a bar blanked out of steel about 0.156 in. thick. The 
metal was fairly soft, as indicated by the roundcnl corners. It is then 

pierced and squeezed in a closed die 
to square up and fill out not only the 
top and bottom but the fractured 
surfaces of the sides and holes. Being 
a closed-die operation, and moreover 
performed on steel, it is extremely 
severe — much more so than most 
sizing work. The press should really 
be selected on a basis of 200 or 250 
tons per scpiare inch. And if it is a 
very rigid type the metal thickness 
should be watched carefully. 

Fig. 195 shows a lever as formed up (shown above). It is then placed 
in another die and restruck or sized to give square true edges, sharp inside 
corners, thicker walls and a flat bottom. The appearance of the stamp- 
ing is thereby very much improved, and it is held to closer tolerances 
than is possible in merely fonning. 

Fig. 196 illustrates a sizing operation the function of which was to 
radius the edges after blanking. The part was blanked out of 
hot-rolled steel and pierced afterward. It will be noted that the squeez- 
ing operation is unbalanced, and there would be a tendency to move the 
blank to the left. To overcome this it proved necessary to do the radius 
forming in two operations, using a flat punch for the first, as illustrated. 
Under more favorable circumstances a single operation may suffice. 

The mere flattening of washers, discs or other blanks in sheet metal 
is a simple operation fraught with possibilities of trouble. As a rule, 
all that is required is a light blow to take out some obvious buckle and 
flatten burrs. It is a large jump from the pressure required to do this 
to a pressure sufficiently great to exceed the yield point over the entire 
surface of the blank and give it permanent set. Yet the difference in 
press adjustment is small, only enough to compensate for increased 
deflections. Presses selected for flattening in a practical sense, but not 



Fig. 196. — A heavy-gauge blank the 
edges of which were radiused in two 
operations. 
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for coining, are therefore subject to possible breakage with careless 
handling. The hydro-pneumatic overload relief mechanism in the press- 
bed, Fig. 246, and the high-speed hydraulic press, page 213, are of 
especial value in such cases. 

Cold Forging. — The second group of cold-sciueeziiig operations 
occupies a large range between the relatively low stresses involved in 
most sizing operations and the relatively high stresses in coining. 

Fig. 197 shows a group of rough parts squeezed to large limits in hot- 
rolled steel with no restriction to flow. The piece at the bottom becomes 
two wedges after the first squeeze which forms the taper. A subsequent 
sharper-edged squeeze will all but complete the edges and sever them. 
Above in the center is a link made of round rod formed with the two ends 
overlapping. The two ends are then squeezed together cold, making a 
strong job vi^thout welding. The cross-sectional area of that portion 



Fig. 197. — Parts cold forged out of hot-rolled steel. 


of the link is practically double that of the rest of the rod, but this is not 
objectionable for the service involved. The other links shown are also 
made from round rod. The space for the ends, two ends together, is 
flattened; adjacent links are parted in a second die, then formed and 
finally returned to the knuckle-joint press to coin the two eyelets at the 
center. 

Fig. 198 shows a small knuckle-joint coining press of 50 tons^ rating 
in use on a free-flow squeezing operation. The operator, with a handful 
of small steel rods, is flattening one end of each rod into a good-sized 
boss for an eye. Some of the product is shown in the box at the right. 
In this operation, which is a rather common one, the metal is usually 
permitted to take its natural outline without constriction as the opera- 
tion is fairly severe even without such a handicap. 

Fig. 199 includes sections of three bars representing three cold-forg- 
ing operations on copper in the production of a contact point. In the 
first operation a series of notches are squeezed into the 10-ft. bar, one 
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notch per stroke; next the pockets or depressions between notches are 
squeezed in, also one per stroke. Next rivets are dropped into the 
depressions by hand, and another squeezing operation closes in the metal 
around them and finishes the shape of each piece. A final trimming and 
parting operation completes the job. 

Copper is quite a popular metal to cold-forge. It strain-hardens 
slowly and can be worked to a very considerable extent. Hardness 

which can be obtained 
in this manner is often 
a desirable feature. On 
the other hand, hot 
forging copper is usually 
troublesome on account 
of the hard black oxide 
which forms and erodes 
the dies. Furthermore, 
hot-working operations 
are always relatively 
expensive and difficult 
to keep up. A small 
percentage of lead is 
sometimes alloyed with 
copper for the extrusion 
of long stems and other 
very severe operations. 

Rivet forming or ex- 
trusion, Figs. 200 and 
201, again involves a 
wide range of pressures. 
The term extrusion 
seems properly applied 
in quite a few cases, 
although true extrusion 
which comes later is 
relatively much more 
severe. The same letters are used to designate parts in the photograph 
and their corresponding cross-sections in the line drawing. 

At a, d and /, a flat extruding punch is used which is larger in diam- 
eter than the rivet shank or dowel lug that it is to produce. This sets 
up a free flow into the lug and a restricted flow out to the body of the 
blank. Most of the metal displaced goes into the lug, making it fairly 
high. At c an even higher lug is obtained by stepping the extruding 



Fig. 198. — 50-ton knuckle-joint press used in flatten- 
ing the ends of rods into bosses. 
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punch to a diameter which is smaller than that of the lug as well as the 
principal diameter which is larger, thus displacing even more metal. 

The job illustrated at d is similar to that at a except that the lug or 
shank is extruded out of the softer steel right through holes previously 
punched in the thin spring steel member, and is turned over or riveted 
all in one stroke, completing the assembly. The equipment in which 
this is done is shown in Fig. 202. It includes a standard inclinable press 
and dial feed. The latter is fitted with a series of assembly posts pro- 
vided with means of locating the steel vibrator spring and the softer 
bridge piece. The operator is able to feed about sixty assemblies a 
minute, which are picked off automatically as completed. 



Fig. 199. — A scries of cold-forging operations to produce a copper contact point. 

Returning to Figs. 200 and 201, parts e, g and h represent a more 
severe method of forming rivet lugs in which the thickness of the entire 
blank is reduced in order to leave the lug protruding. That shown at 
e is the most severe, owing to the thinness of the part compared with its 
area. It may be anticipated that the finished blank will be several 
thousandths of an inch thicker in the center than at the edges because of 
pyramiding of pressure and consequent deflection of the die steels. 

The garden trowel handles at g are formed complete, two per stroke, 
in a single operation. This includes bending the (round) rod, squeezing 
the ends to produce the blade rivets, squeezing the handle stops and 
pinching the two apart in the center. With a mechanical feed it would 
not be difficult to make the whole job automatic. 

At h is shown a pen-knife bolster cold-forged progressively from 
round rod and later trimmed out of the flash as indicated in the photo- 
graph. At 6, j, k and I are shown cold-squeezing operations apart from 
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the forming of rivet shanks but sufficiently related to be included 
here. 



h j k 1 

Fig. 200. — Cross-sections to scale, of parts shown in Fig. 201, showing metal dis- 
placement to form rivet lugs. 

job when produced in the normal manner of piercing the hole first and 
then attempting to squeeze the surplus metal out into the solid surround- 



Fig. 201.— The cold forging or '‘extrusion'' of rivet lugs and similar operations. 

ing blank. Remember always that metal displaced must go somewhere. 
Accordingly, in the method shown, the surplus is pushed through the 
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blank, ahead of the countersinking punch, with large clearance. The 
piercing operation then follows to finish the job. 

At j (200-1) is shown a bronze ball seat bearing and the blank from 
which it is forged (cold). The relative diameters of the slug and hole 
are such as to allow a little flow both in and out. A pilot enters the hole 
to prevent its closing in too much. The offset and the oil groove are 
squeezed in. Oil grooves in bushings formed up from flat strip are 
coined before the form- 
ing operations, in a 
similar manner. The 
bronze used for the job 
shown contains about 5 
per cent tin, 1 per cent 
lead and the balance 
copper. 

Sketch k indicates a 
method of cold-forging 
copper nuts for elec- 
trical work in a method 
similar to j. The blank 
is a plain cylindrical 
slug sawed or sheared 
from round bar stock. 

Sketch I is a cross- 
section of a rectangular 
steel nut formed by a 
combination of extrud- 
ing or offsetting in the jtjq 202. — The press and feed used to assemble the 
center and coining vibrator spring and bridge piece, Fig. 200d, extruding 
around the outside. The J’ivet ing complete, 

original thickness of the 

metal has been decreased relatively little by dragging down adjacent 
areas. 

Owing to reasonably close control of dimensions afforded by the 
tools, the rivets formed as shown in Figs. 200 and 201 are usually set 
down or riveted over satisfactorily in a regular power press. For set- 
ting down ordinary commercial rivets in pierced holes, however, the 
variations in dimension may be such as to make a constant-pressure 
equipment desirable. Figs. 203 and 204 show typical arrangements 
combining the speed and convenience of mechanical operation with the 
constant-pressure feature. In the former, a press built for riveting 
operations is equipped with a built-in hydro-pneumatic cushion to 
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prevent any load in excess of the desired maximum. Similar hydro- 
pneumatic pressure-control cyUnders are built into the beds of both the 
knuckle-joint coining presses and the eccentric shaft forging presses to 
compensate for variations in blank thickness or for cold blanks (in hot 
forging), etc. 

In Fig. 204, a regular horning press, used for a riveting operation, is 
equipped with an air cushion for maintenance of a uniform riveting 

pressure through the mechanical ad van- 
tage of the lever shown. Although 
presses of this sort are also used in 
the upright position for such work, 
the horizontal arrangement has con- 
siderable advantage in the handling 
of a number of the operations on 
automobile frames. 

The upsetting of the flanges of 
brass cartridge cases, Fig. 205, opera- 
tions 11 and 12, is in line with other 
riveting and upsetting operations. 
Preliminary coining operations on the 
indentation are performed in steps 3 
and 5. The ironing of the side-walls 
in steps 4, 6, 7, 8, 9 and 10 has much 
in common with other cold-squeezing 
operations, although the ironing proc- 
ess was discussed with drawing in 
Chapter VIII. Upsetting the head 
required an 800-ton dial feed knuckle- 
joint press. Hydraulic presses. Fig. 
206, are used for the larger sizes. 
Electrically controlled upper dials permit use of successive indenting, 
spreading and heading operations. 

Swaging. — Swaging should possibly not be distinguished from the 
previous cold-forging operations, as it has much in common with them. 

Fig. 207 shows a typical swaging operation together with prepara- 
tory and finishing steps. The part is a counter gear for an adding 
machine. The blank is produced in a follow-die from material as thick 
as the thickest portion of the finished part. Its outline is so developed 
that swaging need take place over an area only slightly in excess of 
that actually required. The swaging or cold-forging operation itself 
squeezes down the outer portion of the part and also a step around the 
hole. This is done in the press shown in Fig. 208. Next the outline 



Fig. 203. — A riveting press, with 
built-in hydro-pneumatic pressure 
equalizing equipment. {Courtesy 
Marquette Tool & Mfg. Co.) 
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of the gear is trimmed, and finally a shaving operation squares up the 
trimmed edges of the teeth. Both the first and second operations may 
be handled automatically. The earlier form of this piece required two 
parts riveted together and held centrally by a hub on one of them. In 
the swaging an exact relation between the gear and the single tooth is 
assured. 

Fig. 209 shows a rather interesting collection of sewing machine, 
business machine and other miscellaneous parts indicating some of the 



Fig. 204. — A power press equipped with (Marquette) pneumatic pressure equalilfier, 
riveting automobile frames. 


possibilities of the swaging method. Series a at the top shows a lever 
pierced and blanked out of steel about 0.125 in. thick. In the second 
operation a vertical squeeze rounds the edges of the finger grip portion. 
In the next squeeze the lever is turned up sidewise, and the finger grip 
portion is flattened and curved to its final shape. The third squeeze 
indents a cam groove into the large upper part of the lever. A final 
operation, not shown, is to shave around the sheared edge of the upper 
portion for finish. This lever, ready for plating in five quick press 
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operations, is decidedly more economical than a hot press forging requir- 
ing trimming, milling, drilling and hand finishing to bring it to the same 
state. 

Series b shows first the blank, the swaged piece leaving a hub and 
four curved pawl fingers protruding and finally the trimming operation 
to cut out the four blades. 

Series c (Fig. 209) starts with a blank pierced for an internal spline. 
The first squeeze carries the metal thickness about the flange down to 
approximately 50 per cent of its original thickness, and leaves a hub in. 
the center of practically the full thickness. The next squeeze decreases 



Fig. 205. — In producing cartridge cases, the center indenting and flange upsetting 
operations (also the wall ironing) are essentially cold forging. 

the thickness of the outer part of the flange still farther, leaving a 
second hub with a single gear tooth protruding. This is followed by a 
final trim to cut the gear teeth around the outer flange. 

Fig. 209 d shows a steel plate in the production of which a swaging 
operation displaces milling to obtain countersunk flanges along the side 
of each of the three slots. The steps are pre-notching, swaging 
and trimming the notches. These operations could be performed pro- 
gressively, shearing off the piece upon completion. To avoid twisting 
the strip slightly at the notching and possibly at the squeezing station 
it might prove advisable to use double-width strip producing two 
pieces at a time, or employ some other arrangement to balance the 
operation. 

Fig. 209 e illustrates the production of a flanged square nut. The 
operations are: pierce and blank, swage, trim. 
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Series f shows three steps in the completion of a small link with 
bosses at each end. The bosses help to hold the metal against appreci- 
able lengthwise flow. When a blank with a sheared edge is squeezed 
down to perhaps half its original thickness in an open die, the natural 
irregularities of the fractured edge surfaces are much accentuated. 
Trimming of course removes this, and subsequent or attendant shaving 



Fig. 206. — Cartridge case heading in 3000-ton high-speed hydraulic presses with 
three-station lower dial for feeding, heading and unloading, and upper dial permitting 
use of one to foiu indenting and heading punches. All functions are electrically 

interlocked. 

gives a very smooth job. The softer metals may be coined complete 
from a developed blank, the edges being squared up at the same time 
by the use of a closed die. This has also been done in the case of steel, 
as in Fig. 194, but that makes quite a severe operation. 

Fig. 209 g shows a wheel swaged out of a washer-shaped blank of a 
lead alloy. Series Ais again steel and shows a cam produced on the side 
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of a knurled wheel. The series shows the pierced blank, the cold 



Fig. 207. — A typical counter gear; pierced and blanked, cold-swaged to shape, 

trimmed, shaved. 


forging, the trimmed part and finally the finished part after a deep 

knurl has been shaved 
around the edge. 

Fig. 209j illustrates 
a series of operations 
including blanking, 
swaging, trimming, 
piercing, countersinking 
the hole and bending 
the arm of a small sew- 
ing-machine lever. It 
will be noted that, on 
all the samples shown 
of this class of work, the 
blank is so designed that 
as little metal has to 
be squeezed down as is 
absolutely necessary for 
trimming or shaving out 
the finished piece. Note 
also that in the pieces 
which have a boss, hub 
or other portion higher 
than the rest of the 
piece, and left so by 
squeezing down the 
Fia. 208. — A 250-ton knuckle-joint press used to pro- metal around it, there 
duce the part shown in Fig. 207 and similar work. is a tendency for the 

corners and edges of 

such high parts to be dragged down. To minimize this tendency it is 
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often advisable to use a medium-hard stock (though usually fairly low 
carbon in steel), and if necessary, to arrange the dies to strike the high 



Fia. 209. — A group of parts in which cold-swaging of a suitable blank furnishes the 
means of economical production. 

part at the end of the stroke to size it off a little. Considerable pressure 
may be required for this work on account of the area and thickness rela- 
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tion. For practical cases, however, with a free-flow relief all around, it 
is well to figure, for steel, 100 tons per square inch and higher on the 
total final area squeezed, and for copper around 75 tons per square inch. 

Under the third classification in the squeezing group of operations, 
including coining, stamping and embossing, comes a variety of work in 
which the metal is required to flow comparatively little but is subjected 
to extremely high pressures to bring out sharp designs or lines or to 
obtain a very accurate surface. On most of this work the metal is 
either completely contained in a closed die, or practically so, with the 
result that there is no outlet or relief for the flow of surplus metal. 
Under such conditions, if care is lacking so that oversized stock is used 
or adjustments are carelessly made, the rigidity of the presses may 

Greece 500 B.C. Egypt 300 B.C. Corinth 300 B.C. Rome 27 B.C. 



Fig. 210 . — Upper row: Four ancient coins contribute to the story of early craftsman- 
ship and mechanical progress. Lower row: Four excellent examples of commemo- 
rative medals from the seventeenth and eighteenth centuries. {Courtesy of Dr. 

Frederic R. Sanborn) 

build the pressure up to several hundred tons per square inch with 
serious consequences to the equipment. 

Coins. — In the upper row of Fig. 210 are shown four ancient coins 
from the collection of Dr. Frederic R. Sanborn. These were “ struck 
two thousand years and more ago. In many cases the designs are 
excellent and the tools were well made. The rough outline, however, 
reflects the crudeness of the methods employed. The lower die was 
secured on an anvil. A pellet of precious metal was placed upon it. 
The upper die, hinged tq it or held over it by one man, was struck with a 
sledge by another man. The results obtained would seem to confirm 
this story. Coins became thinner as time went by, but the irregular 
outline remained until about the seventeenth century. 

The lower row (Fig. 210) shows an interesting group of commemora- 
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tive medals, the Cromwell medal, 1655, and the Charles II medal, 1670, 
both struck in England; the American Liberty medal, 1783, and the 
Napoleonic Egyptian Campaign medal, 1798, both struck at the French 
Mint. These all have the thorough finish and fine detail of modern 
coins but were undoubtedly made in crude presses, for the first knuckle- 
joint coining press, Fig. 211, was not invented, to our knowledge, until 
1833. It was brought out by a Frenchman, M. Thonnelier. One of 
these machines was included in the original installation of equipment 
for the United States Mint in 1836. 

The mint at Philadelphia still has in its possession a simple hand- 
operated screw press antedating this installation and said to be the 



Fig. 211.— The original knuckle-joint Fig. 212. — One of the early power 

press invented in 1833 for the French blanking presses developed for cutting 

Mint. coin blanks. 

original machine used at the time coins were first made in this country. 
It is a small machine mounted on a massive wooden table and was called 
upon to do both the blanking and coining operations. With power 
equipment came the Grecian-columned Planchett Cutting Press shown 
in Fig. 212. It was superseded later in the last century by small, 
solid-frame, straight-sided presses of the more modern over-drive type. 

An even more recent change has been the addition of the Planchett 
Upsetting Machine, Fig. 213. This machine automatically rolls the 
coin around edgewise, upsetting and thickening the edge to reduce a 
certain amount of the strain on the coining dies. 

The coining operation itself is now performed in knuckle-joint 





242 


COLD OPERATIONS OF THE SQUEEZING GROUP 


presses of the type illustrated in Fig. 214. The coin feed is a develop- 
ment of that on M. Thonnelier^s machine and is probably the earliest 
type of mechanical feed. As now constructed, it includes the tube 
filled with blanks and a pair of fingers to take the blanks to the die and 
the finished coins out of the die. A crank-actuated bottom knockout 

is timed to lift the coin to 
the surface of the die as the 
fingers close. 

A report issued some 
time ago by the Mint, Table 
XX, showed that the ac- 
tual pressures required to 
bring up clear impressions on 
United States gold, silver 
and copper coins varied 
between 85 and 125 tons 
per square inch. These fig- 
ures are considerably above 
the freeflow yield points of 
the metals as rolled, yet the 
presses actually used have 
rated capacities two or three 
times what the experimental 
figures would indicate. This 
is good conservative practice, 
for in using closed dies a 
double blank or a careless 
set-up will rais^ the pressure 
tremendously in a rigid machine. And an extra-rigid machine contrib- 
utes a great deal to the tool life. 

Commercial Coining Operations. — Identical in principle with the 
production of government coinage are many commercial coining opera- 
tions. The softer metals in closed dies are forced to flow thinner in 
some spots in order to fiU other thicker spots. There need be no definite 
relation between the thick and thin areas other than that they be fairly 
uniformly distributed to avoid considerable offside flow with its resultant 
side thrust on the punch. In general, the blank thickness is appreciable 
compared with its area, so that conditions of flow are not too severe. 

Trolley tokens and lucky pieces differ little if any from government 
coinage in production problems. The key blank in Fig. 215 and the 
nickel-silver flatware blanks in Fig. 217 also involve the same methods, 
though in the latter case the presses are necessarily larger. 



Fig, 213. — A Planchett upsetting machine for 
rolling thicker the circumference of the coin. 
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The suspender link in Fig. 215 is typical of certain buckles and other 
parts which are coined in the stock, then pierced and finally blanked 
automatically from strip stock. For this work, presses of the high- 
production type with full eccentric shafts, shrunk tie-rod con- 
struction and massive 
frames are used on account 
of their greater speed. Ton 
for ton, they are more 
expensive than the knuckle- 
joint type, but they are 
also more versatile and 
more compact in their mov- 
ing parts. 

On such progressive 
operations involving coin- 
ing it is occasionally found 
that appreciable non-uni- 
formity in thickness across 
the width of the stock will 
cause a greater spreading 
on the thick side, putting 
a twist in the stock. If this 
bothers the piloting or guid- 
ing, the clearance may be 
increased, the arrangement 
changed to cut the number 
of pilots or one die may be 
mounted on a sort of ball 
seat or swivel base to permit 
it to align to suit the stock 
thickness. 

The counter disc with 
interrupted gear teeth, at 
the right in Fig. 215, is rather 
interesting as a part formerly 
die-cast. A cross-section of it 
to scale is shown in Fig. 216. 

It is a white metal alloy squeezed cold from a slug in a 150-ton knuckle- 
joint press. It is a closed-die operation resembling coining throughout 
except that the flow is so great as to resemble extrusion. Owing to sever- 
ity of flow and accompanying tool wear the job may be divided into 
preliminary squeezing to approximate shape and then final sizing. 



Fig. 214. — The 150-ton coining press of recent 
mint equipments, equipped with automatic coin 
feed and cam knockout. 
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Table XX 

EXPERIMENTAL PRESSURES FOR U. S. COINS 
(Tesis Made by U. S. Mini, Philadelphia, Pa.) 


U. S. Coin 

Metal 

Total Tons 

Tons per 
Square Inch 

Double Eagle 

Gold 

155 

110 

Eagle 

Gold 

110 

127 

Half Eagle 

Gold 

60 

106 

Quarter Eagle 

Gold 

35 

94 

Standard Dollar 

Silver 

160 

^ 93 

Half Dollar 

Silver 

140 

128 

Quarter Dollar 

Silver 

100 

143 

Dime 

Silver 

35 

91 

Nickel 

Nickel 

85-90 

180 

Cent 

Copper 

40 

93 


Note: The ubovc pressures are reported to be correct within o per cent. In the selection of 
mechanical presses for closed-die jobs, at least double the test pressures. Pressures revised fur high 
relief coins of 1940. 


The large plate in Fig. 217 giving an etched appearance is really 
coined, though not in a closed die. With an area of 10 sq. in. and a 
thickness of about >32 in. it takes the whole capacity of a 1000-ton 

knuckle-joint press. It is 
relatively so thin that a 
general flow cannot take 
place, the design being ob- 
tained by local movement 
only. 

Embossing.— Essentially, 
embossing involves forming 
designs on sheet metal in 
male and female dies without 
altering its thickness. The 
work requirement then is 
merely bending along the 
lines of the design. In prac- 
tice, however, few dies are so well constructed with respect to 
uniform metal thickness that this is true. A possible exception is 
metal ceiling dies having a hard-steel die and a soft babbitt punch. 
More often, however, a high pressure must be needlessly exerted over 



Fig. 215. — Samples of commercial coining: a white 
metal counter disc, a brass clip and a Britannia 
metal key blank. 
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considerable and unimportant areas in an effort to bring out sharp lines 
at other points. 

The reason for this waste effort and for the difficulty in bringing up 
sharp corners is illustrated in Fig. 218. 

In bending over a corner or radius the 
metal thickness is naturally decreased 
(Fig. 218 a) for reasons explained in the 
discussion of bending in Chapter V. 

The sharper the inside radius the greater 216.-A cross-section to scale 

is the reduction in metal thickness, white metal alloy counter disc 

Accordingly, to make up the deficiencies squeezed from a flat blank, 

in the corners, metal must be squeezed 

out from 1h(' flat section. If, jis in sketch h, Fig. 218, pressure is applied 
over the whole punch, it is difficult to move the metal and a high resis- 
tance is built up. If, on 
the contrary, the punch 
is so relieved that pres- 
sure is exerted on the 
metal only at points near 
the corners to be filled, 
t he necessary movement 
is easily obtained with 
relatively little pressure. 
Based upon relative pro- 
portions, sketch h (Fig. 
218) would require at 
least five times the 
pressure needed to bring 
up a sharp corner by 
the sketch c method, and the result would be no better, if as good. 

Fig. 219 shows a collection of embossing jobs performed in male and 
female dies. The army button, which 
for comparison is a 60-ton job, the 
two brass boxes and the silver and 

nickel-silver knife handles are all of ^ c 

this type with little attention paid to 218.-Localizin6 the pressure 

die relief. The hollow ware also sug- ^here it is needed to get a sharp im- 
gests jewelry settings, watch cases, pression. 

etc. 

Such work can take anywhere from 20 to 200 tons per square inch 
or more, depending upon whether uniform metal thickness is main- 
tained, how sharp an impression is required and how carefully the press 




Fig. 217. — Flatware l)Ianks coined in a 400-ton 
knuckle-joint press and a steel coverplate requiring a 
1000-ton press to simulate etching. 
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is set up. The wall switch plates at the top are an example of localiz- 
ing the squeezing area to get a sharp impression without excessive 
pressure. The punch is relieved as indicated at c in Fig. 218 and at 
h in Fig. 189. It strikes only on a line less than Ke in. wide and directly 



Fia. 219. — Wall plates in brass 100 to 400 tons; copper buttons, 60 tons; hollow knife 
handles, 250 and 400 tons; box covers in brass, 400 tons. 

back of the desired sharp comers. The pressure requirement figures 
back to about 75 tons per square inch of area actually squeezed. Four 
hundred tons brings up a better, sharper job than a thousand would 
give otherwise. The dies are arranged to pinch only and just where the 
sharp lines are required, and they are relieved elsewhere so that the 
metal can flow a little and the pressure can be localized. 

Die construction must be exceptionally rigid and non-yielding for success in 
cold-forging and coining operations. The die steel support may be built up from 
the steel holder with plates of decreasing area and increasing hardness. When 
breakage occurs owing to side strains in the dies, the steels may be divided into 
separate pieces alf»ng the lines of greatest strain and then forced together under 
higher than working pressure by means of a shrunk ring or wedges set down into a 
substantial holder. Steels may be either high-carbon, high-chrome types in small 
enough sections to harden through uniformly, or medium-carbon, high-chrome 
alloy steels pack-hardened, and drawn back a little in both cases. 





CHAPTER XI 


EXTRUSION 

Foisy ^ places the beginning of the extrusion of preheated lead and 
tin in screw-operated cylinders at about the year 1797. This practice 
developed later into the use of hydraulic presses for hot extrusion of 



Fig. 220. — A collection of extruded shapes in tin, lead, zinc, aluminum, brass and 
copper, showing also some of the blanks or cups. 


rods, tubes and shapes of varying cross-section in tin, lead, zinc, copper, 
brass, etc. 

The use of power presses for the extrusion of cold blanks dates from 
about 1870. The application was the production of tin tooth-paste 

^ G. A. Foisy, ''The Manufacture and Application of Extruded Copper Tubes,” 
Trans, A,S.M.K (1927), M.S.P. 60-9, 93. 
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tubes. Since then similar methods have been applied to lead and 
more recently to aluminum. Zinc is extruded usually with a little 
preheating (say 300° F.), to get a more ductile range (Fig. 130). A 
modified method of extrusion, typified by the Hooker process, involving 
relatively somewhat lower stresses, is adapted to the extrusion of brass 
and copper without preheating. Steel is extruded hot for short dis- 
tances and cold in the small rivet lugs shown in Figs. 200 and 201. 

Fig. 220 is a collection of typical extrusion jobs, showing also the 
blanks in a number of cases. The metals being worked include lead, 
parts 1 and 10; zinc, parts 2 and 11; tin, parts 3, 
8 and 9; aluminum, parts 4, 6 and 7; brass, part 
5; copper, part 12. In general it seems necessary 
to use relatively pure metals especially when deal- 
ing with those subject to strain hardening. Thus 
for part 12, electrolytic copper is specified and 
required to be at least 99.90 per cent pure. For 
part 7 the aluminum is better than 99.6 per cent 
pure. For part 2 very pure Horsehead zinc is 
used. Part 5 is extruded from the same 70 : 30 
cartridge brass used in the drawing process, the 
analysis of which permits iron up to 0.050 per cent, 
lead up to 0.070 per cent, other impurities up to 
0.150 per cent, copper 68 to 71 per cent and the 

and^^the ^outline ^of Collapsible tubes, parts 1 and 3, and the caps 

blanks used in it. them, parts 8, 9 and 10, are extruded from 

tin, lead and aluminum according to their purpose. 
A typical tube die and punch is illustrated in Fig. 221. Note 
that the punch is under-cut above a narrow shoulder and that the 
die is very shallow compared to the length of the tube extruded in it. 
The die is as thin as possible to permit hardening clear through, and is 
mounted in a substantial holder. The surfaces which control the flow 
of the metal up around the punch must be carefully polished in the 
direction of flow. Tin and lead slugs are blanked out flat. Aluminum 
slugs are usually cupped in the blanking operation, and the outer edges 
are burnished, to ease the starting of the flow. These blanks are also 
pierced in some cases to allow flow into the neck as well as out to 
the wall, thereby slightly reducing the accumulated pressure on the 



tools. 

In production, the blanks are cut or cut and formed, preferably in 
multiple dies six or eight per stroke in fast automatic feed presses. 
Aluminum blanks are then annealed (tin and lead anneal below normal 
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room temperatures). The blanks may be fed by hand or automatically 
by coin feed or hopper feed to the extrusion die. As the pressure is 
applied the metal squirts up around the punch, which must be accu- 
rately centered. A cam-actuated knockout in the die assists the tube 
to stay on the punch as it rises clear of the die. Some extrusion presses 
have strokes over twice the length of the tube permitting it to be stripped 
in place. Most of the collapsible tube presses, however, have short 
strokes, and the punch after rising clear of the die swings or slides for- 



Fia. 222. — A series of hopper-fed collapsible tube extrusion presses shown prior to 
installation of air ejection methods. {Courtesy of Sun Tube Co.) 


ward to a position where the tube may be stripped off by hand or blown 
off by an air jet. through the punch. Later the tube is trimmed on both 
ends and the t hread is cut, all in a little high-speed trimming lathe. 

Fig 222 shows a line of automatic presses in an efficient tube plant. 
The picture was taken shortly before the installation of an air stripping 
and automatic conveying system releasing the operators for other work. 
The presses are rather heavy, of the eccentric shaft, shrunk tie-rod type, 
and built so substantially that the amount of surplus tin lost in the end 
of the tube is held to a very small percentage. The drive of these 
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Working Portion 
of Stroke .227” 

J. 


presses includes the patented “ beaver-tail stop mechanism which 
brings the punch to rest just as it reaches the metal, in an effort to 
remove the contact shock. It then accelerates and performs the 
extrusion at an almost uniform rate to distribute and ease the severity 
of flow. Fig. 223 shows a comparison of the theoretical working period 
of this modified crank motion, with that of the knuckle-joint extrusion 
presses. Fig. 224, and the plain crank-motion tube presses. Note that, 
although the strokes and operating speeds of the presses are taken the 
same in each case for comparative purposes, the actual working period 
is longest in the case of the modified crank. 

Returning to Fig. 220, parts 5, 7 and 12 are produced by the Hooker 

process, a patented method of extruding and trimming. Instead of 

squirting the tube up around the punch by pressure on the bottom as 

before, this method 

involves squirting 

down through the die 

by pressure on the wall 

or flange as illustrated 

in Fig. 225. A suitably 

shaped and annealed 

^ ^ , . . , ^ , shell or cup is carried 

Fig. 223. — Tune charts of the extrusion period of a crank • x ^ • j- 

press (A), a knuckle-joint press (B) and a modified crank ^ ^ rusion le. 

press (C), showing the increased time allowed for the The pilot or nose of 
extrusion operation without increase in press speed. the extrusion punch, e, 

acts as a mandrel to 

control the wall thickness of the tube. Consequently, in the extrusion 
of the cartridge case part 5, it is possible by suitably tapering the 
mandrel to obtain in a single stroke a case with a wall which is thin 
at the top and thick toward the bottom as in drawn and ironed cases. 
Figs. 146 and 154. The extruding punch and trimming punch are 
mounted on a slide which shifts to permit first one and then the other 
to enter the die. After extrusion the tube remains in the die. On the 
next stroke the trimming punch enters to push the tube through the die 
and lift the ring of scrap out to be stripped off outside of the die. The 
blank or cup and the ring of scrap are shown with tubes 5 and 7 in Fig. 220. 

The blanks are prepared either from thick sheet metal, blanked, 
drawn, coined to thin the bottom and set down the sides, and finally 
annealed; or from slugs sheared off from a rod four or five per stroke. 
These are first indented in a preparatory coining operation, then an- 
nealed, then finish-coined and reannealed ready for extrusion. 

Group 12 in Fig. 220 shows the steps in the production of certain 
cooling and condensing radiators and blast heaters. Half-inch diameter 
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extruded electrolytic copper rods are cut up into Ke-in. lengths. These 
are squeezed into suitable thin-bottomed cups in two operations with 
two anneals to counteract the resultant strain-hardening of the mate- 
rial. The cups, measuring Hi in. in height, yH in. in diameter and 
0.100 in. in wall thickness, are extruded without preheating into tubes 
9 to 15 in. long, 0.276 
in. in diameter and 
0.0035 to 0.006 in. in 
wall thickness. The 
operation is performed 
in small (No. 52), 
straight-sided presses 
running 125 SPM 
equipped with two sets 
of tools so that one 
tube is being extruded 
each stroke and another 
tube trimmed. The 
work must be per- 
formed quickly to avoid 
excessive pressures, but 
on account of the heat 
generated the tools 
must be flooded with 
lard oil, which serves 
both as coolant and 
lubricant. The tubes 
are then sawed up into 
short lengths and the 
ends expanded for 
assembly into radiators. 

In good practice the , , 

, i r j.v. Fin* 224. — A typical collapsible tube press of the 

ex ru mg ^ ^ knuckle-joint type with hopper feed and automatic 

punch is not flat but swinging arm punch holder, 

tapered at an angle of 

about 20°. The step in the die is on about a 30° bevel, as indicated 
in Fig. 225. The flatter the punch angle and the steeper the die 
angle, the easier is the extruding action. The angles mentioned above 
are a compromise with the scrap loss. The relation between the wall 
thicknesses of the blank and tube is limited approximately be^een 
26 : 1 ^nd 4 : 1. 

Of the small parts shown in Fig, 220, parts 8 and 9 are tin collapsible 
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tube caps, part 10 is a lead tube stopper and 11 is a zinc nail. Part 8 is 
extruded from a flat blank with threads complete, as indicated in Fig. 
226. Serrations or flats about the circumference prevent the cap from 
turning as the mandrel revolves to unscrew it after extrusion. Note 
in Fig. 226 that the volume of flow in both the cap head and the nail 
head tends to leave a mark or depression on the surface. For this reason, 
a bead or design frequently is arranged to cover or disguise it. Part 9 
is extruded or swaged from a previously prepared cup. Part 10 is 
extruded sidewise from a round lead blank. 

Fig. 227 shows the manner of flow of metal extruded through an 
orifice, such as in the case of the zinc nail, part 11 in Fig. 220. The 
illustration developed by ColombeH was the result of compressing 


e t 



Fig. 225, — Extrusion by the Hooker Fig. 226. — Cross-seotions of parts 8 

process, in which alternately the extru- and 11, Fig. 220; a tube cap and a 

sion punch e and the trimming punchy nail respectively showing flow marks 

enter the same die. See page 258. on their top surfaces. 

a cyhnder formed by two iron discs 50 mm. thick and 150 mm. in diam- 
eter through a concentric circular orifice 48 mm. in diameter. This 
cylinder was heated to a bright red and subjected to blows of a hammer. 
The third blow of the hammer broke the die, but the discs had already 
been extruded to the point shown. It is of interest to note that the 
joint between the two discs has changed from flat to conical, following 
the flow lines. It is also reported, as might be expected, that lead 
flowed in practically the same manner as the iron. 

Theoretical data having to do with computing extrusion operations 
are still rather scarce. A discussion in Chapter X (Fig. 188) brought 
out some reasons for rising pressures in squeezing thin sections or parts 
where the flow is restricted. Plastic flow begins when the yield point 
of the material is exceeded, and, as illustrated in Figs. 184 and 185, the 
yield point depends upon the amount the metal has been cold-worked 
(strain-hardened) since its last annealing. The pressure will rise com- 
paratively little as the die fills to the point where the metal begins to 

* C. A. CJolombel, ^‘The Extrusion of Metals/' Rolling Mill Journal^, May, June, 
July, etc., 1931. * 
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flow through the orifice between the punch and die. The flow resem- 
bles that of a very viscous liquid, although the metal retains its crystal- 
line structure, and except for lead and tin the flow is undoubtedly the 
slip-plane movement of cold-working rather than the amorphous rolling 
of whole crystals which characterizes hot- working (above the annealing 
or recrystallization temperature). The heat generated in the operation 
undoubtedly reduces the operating pressure, but whether it is sufficient 
to induce spontaneous annealing in metals with annealing points as high 
as brass, copper or aluminum seems doubtful. 

In this connection Foisy ^ points out that although extrusion of 
copper in a quick-acting power press is commercially satisfactory^, the 
same tools were invariably broken 
on account of excessive pressures in 
a hydraiilio press acting at one- 
seven!, ieih the spev.d. It is his belief 
that the heat geiKTatixl in extrusion 
materially increases The plasticity 
of the metal and naluces the strain 
on the tools. Ample coolant must 
be used, however, to prevent the 
tools becoming too hot. 

He states that experiments car- 
ried on in an Olsen t(\sting machine 
showed an initial pressure of 50,000 
lb. to start the flow, dropping at 
once to 10,000 lb., which, he argues, 
shows that energy has been converted into heat. As the plan area of 
the cup is nearly 0.1 sq. in. this indicates an initial pressure of 250 tons 
per square inch followed by an extruding pressure of 50 tons per 
square inch. 

Fig. 228 shows a 500-ton relatively fast operating extrusion press 
used on the larger flat-bottomed aluminum tubes on the order of parts 4 
and 6 (Fig. 220). This is a relatively more severe operation than that 
performed on the copper cups, yet the press selection is based on around 
50 tons per square inch of squeezing area. The yield point of the 
annealed blank is likely to be under 3 or 4 tons per square inch, but the 
orifice is small compared with blank thickness. The tubes strain- 
harden materially in extrusion in spite of the heat generated in the 
moving metal. 

The basis for press selection in the extrusion of tin and lead tubes is 
about 60 to 80 tons per square inch. As very little coolant or lubricant 
^ See footnote, p. 247. * See footnote, p. 262. 



Fig. 227. — Flow marks in iron extruded 
hot through an orifice. (Colombel.)* 
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can be used, heat generated in extrusion limits operating speeds to 40 
to 45 SPM for the sake of the tools. 

Part 2 in Fig. 220 shows an extruded zinc shell. The operation in 
this case is performed in a quick-acting eccentric shaft press with the 
blank preheated to appreciably above the annealing point. Fig. 229 
shows the pressure curve obtained in extruding these shells experimen- 
tally with heated tools 
and blanks at about 
400° F. in an Olsen test- 
ing machine. The 
yield point of the zinc 
was undoubtedly under 
6 tons per square inch, 
yet extrusion did not 
start until the pressure 
reached 25 or 30 tons 
per square inch. Owing 
possibly to overcoming 
some surf ace-t c n s i o n 
effect there was a small 
drop in pressure as the 
movement started. 
The final rise in pres- 
sure to 35 or 40 tons 
per square inch is prob- 
ably explained by the 
decreasing bottom 
thickness. The inter- 
mediate rise which 
appeared regularly is 
difficult to explain. 

It is interesting to 
note that both extruded 
battery cases and ex- 
truded cartridge cases are reported to be more satisfactory than the 
drawn article. It is apparent, of course, that the extruded shell must 
have a uniform wall thickness vertically and uniform grain structure. 
The drawn shell, on the other hand, is strain-hardened toward the top 
edge and increased in thickness there, unless it has been ironed. It 
also has been subject to thinning at the bottom radius for each reduction. 

Fig. 230 shows a micrographic study of a cross-section of the 
extruded 70 : 30 brass cartridge case shown at 6 in Fig. 220, which cor- 



Fia. 228. — A relatively fast-acting eccentric shaft 
press used in the extrusion of the larger aluminum 
shells. 
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responds in size and stage of completion to the drawn and ironed case 
examined in Fig. 155. This is especially interesting as it affords a 
direct comparison of the extruded structure with that of the drawn 
shell. The details of treatment of samples are the same in both cases. 
The photomicrographs A and C in Fig. 230 show metal in the bottom 
of the shell, before and after annealing, respectively. Photos B and D 
are typical of the full length of the side-wall section, before and after 
annealing, respectively. 

The plastically worked side-wall (B) is the most interesting, of course. 
After working, which amounts to an elongation of, say, 600 per cent, it 
shows a uniform structure without evidence 
of overstrain fractures or even of slip planes 
though it was examined also at 200 magnifi- 
cations. The dark and )ight streaks down 
the center seem to be identifiable as the 
much-elongated old dark and light crystals. 

This structure merged quickly at the bottom 
corner of the shell, into large old grains show- 
ing numerous strain lines and then into the 
largely unstrained grains shown at A, 

An anneal of 7 to 8 minutes at 1300® F. 
changed the extruded structure B to the 
equiaxed and unstrained structure D wdlhout 
apparent evidences of residual directional 
properties. A larger annealed crystal size _ 

resulted after extrusion than after drawing the experimental extm- 
(Fig. 155) with an identical anneal. The sion of warm zinc in a testing 
explanation would seem to be that the more machine, 

severely worked material began to anneal at 

a lower temperature, permitting a greater growth in the time allowed. 
The extruded structure was much harder than the (extra-hard temper) 
drawn wall structure, but in the soft state, after annealing, there was 
little to choose between them. 

Foisy ^ claims that copper comes from the long extrusion shown at 
12 in Fig. 220, in practically an annealed state. If so, this may be due 
both to the extremely low rate of strain-hardening for copper and to a 
very high operating temperature resulting from fast operation and a 
long extrusion. Tin and zinc crystallize in lattice patterns which are 
not favorable to cold-working, but, as tin (and lead) recrystallize 
below room temperature, at which they are worked, and zinc below 300° 
or 400° F., at which it is usually extruded, they are all reaUy in their 

^ See footnote, p. 247. 
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hot-working range and subject to what has been described as spontane- 
ous annealing. Aluminum and brass show distinctly the efTocts of 
severe cold-working, and must be annealed both before and after the 
extrusion operation if ductility is required in the finished product. 

A B 




C D 

Fig. 230. — Extruded cartridge case, XI 00, showing the bottom, and the wall, B, 
as extruded; the bottom, C, and the wall, Z), after annealing. 

Squeezing the bottom of a ehell to force metal there to flow up around 
the punch (Fig. 221) requires greater unit stresses than does squeezing 
a thick side-wall vertically to flow the metal down into a thinner wall, 
as in the Hooker process, Fig. 225. The explanation is that in the first 
method the metal must move a greater distance to reach the orifice 
than in the second method, and also that the pressure tends to pyramid 
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in the center as the blank becomes thin relative to its diameter. This 
difference in severity between the two methods is borne out by the fact 
that the first method, which permits the use of a simple blanked slug, 
is used for the softer metals, whereas the Hooker process, which requires 
two or three operations and anneals to prepare the slug, is used especially 
for copper and brass. 

It is interesting to note that work is being done by several investi- 
gators on a method of extruding cast slugs, on the theory that the refine- 
ment of the cast structure, accomplished by extruding it, is ample in 
itself without the preliminary refinement of rolling. On the side of 
economies, the cost of casting, cropping and cleaning many small 
blanks must b(; set against the quantity-production advantages of roll- 
ing a billet and cutting the blankv<? in multiple in fast presses. For the 
low-melting- point metals this objection has been overcome by a pat- 
ented process of ousting the molten metal directly upon the surface of a 
chill roll, passing it between that roll and another for gauge, carrying it 
in an endless strip through a multiple die blanking press and carrying 
the scrap directly back into the melting pot. 

It seems logical to examine certain law^s of hydraulics in the theo- 
retical consideration of extrusion. Fast action is desirable in extrusion 
because of generation of heat, and yet an increase in speed of flow must 
be accompanied by an increase in the tool pressure causing that flow. 
In hydraulics, the velocity of flow of water through any orifice or open- 
ing of fixed shape and size is determined by the head or pressure 
causing the flow. For liquids, the theoretical pressure inside the orifice 
is equal to the density of the liquid times velocity of flow through the 
orifice, squared, divided by 2 g. Obviously the result is not directly 
applicable to solids forced to flow plastically, owing to greater internal 
friction (cohesion or interatomic attraction), but the indicated rise in 
pressure according to the square of the velocity for a given orifice and 
a given plastic state (or yield point) may apply. 

A stream of water flowing from a sharp-edged orifice near the bot- 
tom of a vessel is found to contract in diameter for a short distance 
beyond the orifice and then to expand. Quite advantageous results 
have been obtained by shaping a tubular orifice with reference to this 
natural contraction. A similar contraction is found in extrusion. 
Thus a tube extruded up around the punch is neither as large in outside 
diameter as the diameter of the die, nor as small in internal diameter as 
the diameter of the punch. The wall thickness is less than the clearance 
between the punch and die which governs it. This difference may be 
changed by changing the shape, especially the sharpness of the comers 
over which extrusion takes place. Stream-line principles for easy flow 
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and the avoidance of retarding eddy currents may also be remembered 
in this connection. 

Erosive action in the rapid flow of fairly hot metal over a narrow- 
edge area necessarily limits the life of extrusion tools. Modem high- 
alloy steels have considerably improved the average results, and the 

use of chromium plating to give a 
thin, hard wearing surface which 
is renewable has proved of con- 
siderable value in some instances. 

Referring back to the mechan- 
ically difficult, alternate use of two 
punches (extruding and trimming) 
in Fig. 225 for push- through extru- 
sion, not e the altt^nativc scheme 
shown in Fig. 230 A. Here the 
slugs are fed into the die in con- 
tinuous succession, each new one 
forcing the previous one out ahead 
of it. Trimming may be handled 
with band saws, rubber wheels, 
etc. Slugs may be pierced, extmded or solid to suit the job. The suc- 
cessively extruded tubes or shapes, separated by a film of lubricant, may 
be broken apart easily for trimming. It is open to experimental devel- 
opment on the particular job whether the angles on the punch face and 
die seat should be the same (both 15® in Fig. 230 ^4), or whether the die 
seat angle should be a little greater to feather the trailing edge of each 
tube. 



Fig. 230^. — A push-through extrusion 
die for a ribbed aluminum -copper alloy 
tube. Approximate tube dimensions ys-in. 
I.D., 0.020-in. wall J^-in, overall diameter. 
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HOT PRESS FORGING 

The ancient art of forging required a fire, an anvil, a sledge and 
plenty of muscle. Increasing size of work brought about the develop- 
ment of the mechanical hammer, the steam hammer and the hydraulic 
forging press. Greater quantities of identical parts to be produced 
brought forth the board lift drop hammer, the steam drop hammer, the 
percussion press, the forging mill, the forging machine and the forging 
press. 

In the quantity-production group, the drop hammer handles the 
greatest range of shapes in that the system of turning the work from 
side to side under repeated blows permits forming plain bars to fit odd 
shapes with little scrap loss. Operating economies seem to have given 
this field largely to the board lift type of hammer. 

The other machines get away from the shock of the falling weight 
required by the drop hammer and, for most of their range, finish a part 
in a single motion, whereas usually the hammer must strike a number 
of blows. The power screw press or percussion press is a modification 
of the drop-hammer principle with the shock reduced. A flywheel at 
the top of the screw is brought up to speed by a friction drive, and all 
ihe energy so developed is absorbed in doing the work, just as all the 
energy of the falling weight is absorbed in the drop. The flywheel must 
then be reversed to lift the ram to the starting position. 

Fast-acting forging machines. Fig. 231, and forging presses, Fig. 232, 
which have much in common absorb only a small part of the energy of a 
continuously running flywheel during the working p)eriod. They differ 
in that the forging machine is regularly horizontal and adapted to oper- 
ations on or from the bar, whereas the forging press is vertical as a 
rule and is generally used for forging blanks or slugs previously cut to 
size. Either type can be arranged for multiple operations with suit- 
ably developed tools. 

The fastest action of all, from the standpoint of production, is 
obtained in forge rolling, in which a hot bar passes through rolls having 
the developed shape of the part sunk in their surfaces. This method 
is also the most limited in application by reason of scrap loss, roll cost 
and relative uniformity of shape required. 
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Hot- Working Metal. — We have already defined the hot- working of 
metal as working it at temperatures above that of recrystallization or 
annealing. This was shown to be rather a range of temperature, depend- 
ing upon time of anneal, previous condition and severity of previous 
treatment of the metal, all of which was discussed in some detail in 
Chapter VII. Table XII gave the minimum temperatures at which 
various metals begin to recrystallize, and Figs. 127 and 131 showed tbe 



Fig. 231. — A typical forging machine, principally for small steel parts produced from 

bar stock. 


disappearance of strain-hardness of brass and nickel, respectively, as 
they pass through the recrystallization range. 

Forging requires considerable working of the metal. If the average 
forging operation were attempted cold, the metal would strain-harden 
sufficiently to cause fractures in itself and to damage the tools by exces- 
sive pressures long before completion of the flow. Accordingly, metal 
is forged at a temperature ^ sufficiently above that of recrystallization 
so that annealing approximately keeps up with strain-hardening. This 
strain-hardening itself occurs less and less rapidly as the temperature 
increases. Above the annealing temperature it is probably further 
reduced, in testing and other slow actions, by an “ amorphous inter- 
* Approximate forging /^emperatures, Table XXVII, p. 432. 
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crystalline movement in which the resistance to working increases with 
the speed. 

As metal is heated it expands and becomes more mobile. The 
forces holding it intact and resisting deformation b(;come less, as in 
Table XXI, for steel. In the individual atom the acquisition of energy 
in the form of heat increases the amplitude of oscillation of the electrons 
of which it is made up. This increases its size and the distance between 
atom centers in the 
individual crystal, with 
a proportionate loss in 
cohesive forces. 

The crystalline 
structure d isappears 
entirely at the melting 
point, and approaching 
it the forces between 
atoms and between 
crystals become pro- 
gressively less. The 
change is not uniform, 
as indicated by the 
temperature plasticity 
curve for zinc. Fig. 130, 
and by the forgeability 
curves of Fig. 239. By 
way of explanation, 
note that steel changes 
structurally from the 
body-centered cubic to 

the more plastic face- 232. — a forging press producing brass forgings 

centered cubic crystal from sawed slugs, finishing between 600 and 700 pieces 
lattice above 900° F, per hour. 

Along the boundary 

between alpha and beta brasses the former changes to the latter as the 
temperature rises. In steels having a carbon content between 0.02 and 
0.12, and in some other metals, there is a temperature point, controlled 
by the state of strain-hardness, at which a rather violent form of grain 
growth takes place (germination, Table XVII). 

Speed and Resistance. — With regard to the use of test results for 
the prediction of stresses in hot-working, it should be noted that time 
has considerable effect, so that testipg equipment should simulate work- 
ing conditions in speed of action. Thus the N^w Jersey Zinc Company 
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showed that ductility tests for drawing zinc were misleading unless per- 
formed at approximately press drawing speeds. Zinc anneals at or 
near atmospheric temperature, so that most operations on it are per- 
formed in the “ hot-work ” range. 

Table XXI 

NOMINAL TENSII.E STRENGTH OF STEELS, HOT" 

See also Fig. 133a. 


Degrees F. 

Unit Stiess, Pounds per Square Inch, for Several Carbon Contents: 

0.05 0.15C 

0.30 C 

0.60 C 

0.75 C 

l.OOC 


2200 

2,250 





2100 

3,500 

4,000 




2000 

4,500 

5,000 

5,600 

6,500 


1900 

5,100 

5,800 

7,300 

8,800 

13,000 

1800 

6,800 

6,700 

8,800 

11,000 

17,000 

1700 

7,000 

8,600 

10,700 

13,800 

23,000 

1600 

8,600 

10,000 

12,500 

15,600 

31,000 

1400 

12,600 

14,000 

15,500 

17,000 


1200 

18,000 





1000 

25,600 





Cold 






60 

50,000 

70,000 

85,000 

100,000 

120,000 


® After E. Kieft, “Rolling Mill Analysis,” Proceedings of the Association of Iron and Steel 
Electrical Engineers, 1929-30, p. 438. 


In coid- working steel, movement takes place along slip planes 
through the crystals, and the forces are said to be unaffected by speed 
changes in the test or work range. (This applies also to common test 
properties, with the exception of general elongation, which does change 
with test speed.) Only in the. case of an infinitely slow fatigue failure 
do we get intercrystalline movement. Here the break follows the 
weaknesses of the grain boundaries, and the strength of the material is 
recorded appreciably lower than by normal speed tests. Above the 
annealing temperature, however, it seems possible to work the metal 
suflSciently slowly so that the movement will follow the grain boundaries 
as in a fatigue break. Increasing the speed (as to that of a testing 
machine) apparently causes some of the movement to follow slip planes 
through the crystals instead of worjcing around them. This naturally 
somewhat increases the Resistance to movement. 
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Fig. 233, according to Professor Trinks,^ illustrates the increase in 
resistance or strength of hot metal with increase in working speed up to 
a certain point, beyond which the resistance remains constant in spite 
of continued increase in working speed. According to foregoing dis- 
cussions, it seems possible that at this point the movement is fast 
enough to become entirely transcrystalline and therefore unaffected by 
speed. Professor Trinks points out that rolling operations are nor- 
mally above the point where speed makes any difference in load, and 
this is undoubtedly true of most forging operations. 

Temperature Change in Working. — Professor Trinks also speaks 
of the actual generation of heat in the process of working the metal. 
We know that some heat is generated 

in cold- working operations, for blanks, 7 

drawn shells or extruded tubes pro- | ^ 

duced continuously from cold strip or ^ 
blanks come out warm to hot, depend- g 

ing upon speed and Severity of the ^ 

operation. Reasons offered include ** speioofrolunqcorforqnco oo— 
surface friction, internal friction and 233. At normal working speeds 

the application of pressure. The latter the hot-working stress is little .f at all 
, - , , ^ . affected by speed, probably because 

two probably amount to about the 

same thing, as the application of suffi- jntercrystalline movement. (Curve 
cient external pressure is the cause of after Trinks 0 also Fig. I33a. 
internal movement. We are told that 

increasing the temperature of a block of metal by application of external 
heat results primarily in increased vibration of electrons. It seems 
probable that sudden internal movement should also cause an increase 
in vibration of electrons, which would be evidenced by increased temper- 
ature. And increased speed of operation should result in greater gen- 
eration of heat which seems to be borne out in practice. This internal 
generation of heat is often sufficient to be of appreciable value in cases 
of severe flow and in a series of operations following one another in cldse 


succession. 

We know that heat must be applied in melting (metal, ice, etc.) and 
that heat is given off in crystallizing or solidifying. The same relation 
applies to vaporizing and condensing, respectively. Can we not also 
state that heat is always generated or given off in working or strain- 
hardening a metal? Conversely, we know that heat must be applied 
to the metal to anneal it or permit it to rearrange in unstrained crystals. 

Most forging is done at speeds which cause movement along slip 
planes through the crystals which must result in strain-hardening. But 
* W. Trinks, “Roll Pass Design,” Rolling MiU Journal, Feb., 1929. 
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Fig. 234. — Two similar and fairly 
severe brass press forgings in which 
speed of action made the difference 
between chilled failure and success. 


as the temperature is raised this movement is easier and the strain-hard- 
ening is less severe. And as the temperature is raised, annealing takes 

place more quickly until a balance is 
reached where in hot-working the 
strain-hardening is corrected instantly 
or nearly so. “Spontaneous anneal- 
ing” some have called it. 

Chilling. — There is another abstract 
time element in forging having to do 
wit h the rate at which dies will conduct 
heat away from a thin or light section 
of hot metal. In a drop-hammer opera- 
tion, it may often be noted that some 
portion of the forging surface will show 
relatively dark just as the hammer is 
rising but will quickly return to bright as it draws heat from some 
heavier portion. 

The greater the temperature difference between the forging and the 
die, the faster is the heat transfer and the greater the chance of chilling. 
Accordingly, some press-forging concerns follow the practice of laying 
a hot chunk of metal on 
the dies in the morning 
to warm them up before 
starting and depend 
upon the work to keep 
them warm in opera- 
tion . Others play a gas 
flame on the dies, as in 
Fig. 232. 

The faster the action 
of the press the less 
time there is for the dies 
to draw heat ^om the 
work. Parts A and B 
in Fig. 234 are two 
fairly similar brass press 
forgings of about the 
same weight. Part A 

was first produced experimentally in cold dies in a 350-ton press at about 
25 SPM. The surface was not especially good, and the lower end, which 
was down in the die, was badly cold shot and did not fill. Part B was 
actually more severe in depth and thinness and in fine lettering on the 



Fig. 235. — A group of large press forgings produced 
principally in hydraulic presses. 
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surface. Yet it was produced with an excellent finish in only a 200-ton 
press operating at between 60 and 70 SPM. 

The smaller the piece the less heat it will hold and the faster it shoula 
be handled for satisfactory results. The smaller forging presses now 
operate at 80 to 100 SPM and even faster. 

In forging the several metals, steel is necessarily the most severe 
upon the tools. Brass is materially easier to work and is the metal 
most commonly press 
forged. Copper, alum- 
inum, duralumin 
and zinc are also han- 
dfed, though less com- 
monly. 

Press Forging Steel. 

— Fig. 235 shows a typ- 
ical collection of 
hydraulic press forg- 
ings. These take from 
one to three operations 
to draw up from a disc 
or to extrude or forge 
from a cylindrical billet. 

Some of the smaller 
ones are typical also of 
mechanical press forg- 
ings, which run from 15 
or 20 lb. each down to 
automobile valve heads 
and similar small pftrts 
weighing a few ounces. 

It will be noted that 
the characteristic shapes 
are round and fairly simple. Round dies are cheaply made and 
easily redressed, points which are economically important on account 
of the heat and scale involved in forging steel, which reduce the life of 
delicate dies to a fairly low point. Frequently, pieces which are bulky 
enough to hold the heat are put through a number of operations in a 
series of presses or through several dies arranged in the same press 
using such a machine as is illustrated in Fig. 236. 

Such presses and combinations of presses are used, for example, in 
the forming of numerous railway track braces, switch and signal parts, 
• automobile bumpers and other parts. In such cases a man will be 



Fig. 236. — A typical double eccentric forging press 
as used in the production of railroad supplies. 
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assigned to the furnace and another to each transfer position. This 
may mean several men per press, working both at the front and back. 
With the equipment running steadily at, say, 60 SPM for fair-sized 
forgings, the men will catch every stroke on each operation, averaging 
45 or 50 pieces per minute all day. This includes 15- or 20-minute rest 
periods every hour or so, during which a maintenance gang checks up 
the tools. The operations include hot bending, piercing and trimming, 
as well as forging. 

Another and similar application, except with one man per press for 
a series of operations, is found in the production of picks, hammers, 
axes, etc. Fig. 73 shows the tools and operations involved in pick-eye 
forging. The outside slide on the left end of the press is used for thrCe 
preliminary operations to shape up the center of the bar. The eye is 

then pierced and worked out in 
gripper dies in three stages. The 
amount of scrap lost in this opera- 
tion is remarkably little, as tapered 
punches work most of the displaced 
metal out into the wall of the eye. 
The points of the pick are worked 
out subsequently in a helve hammer. 

In the production of claw ham- 
mers, peen hammers, etc., a similar 
method is followed. The part is 
blocked and the eye forged in the 
press. A drop hammer finishes the shape, and a trimming press with 
outside slide trims the flash, pierces and finish-swages the eye. The 
three-man gang includes the hammer man, who strikes and restrikes 
the piece and tends the furnace; the press man, .who sets the pace, catch- 
ing almost every stroke at 60 SPM for four to six forming blows per 
forging; and the boy on the trimming press with two or three operations 
to do. 

Fig. 237, a piece of press-forged steel etched to show the flow lines, 
illustrates the manner in which the metal is made to fill and follow a 
shape. It also illustrates a seam which might, under some circum- 
stances, prove objectionable. If so, a preliminary forging operation 
would be required to upset that amount of metal without a wrinkle. 

Rules governing upsetting operations were clearly and simply stated 
by E. R. Frost ^ in a paper before the American Drop Forge Association. 

1. The limit of length of unsupported stock that can be gathered or 

® E. R. Frost, *^Laws Governing Forging Machine Die Design,” American Drop 
Forge Association, reprinted by National Machinery Company, Tiffin, Ohio. 



‘ Fig. 237. — Flow lines in the metal 
brought out by etching. 
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upset in one blow without injurious buckling is not more than three 
times the diameter of the bar (Fig. 238 A). 

2. Lengths of stock more than three times the diameter of the bar 
can be successfully upset in one blow (in a closed die), provided the 
diameter of the upset made is not more than one and one-half times the 
diameter of the bar (Fig. 238 B), 

Therefore in forging to larger diameters it is necessary to use two or 
more operations (Fig. 238 C). 

3. In an upset which requires more than three diameters of stock 
in length, and in which the diameter 
of the upset is one and one-half times 
the diameter of the bar, the amount of 
unsupported stock beyond the face of 
the die must not exceed one diameter 
of the stock (Fig. 238 D). 

Although these rules were appar- 
ently stated in a discussion of forging 
steel’ they may be applied equally well 
to other metals. 

Forging Non-ferrous Metals. — 

Fig. 239 shows a series of curves 
giving the relative forgeability of the 
non-ferrous metals, according to the 
experiments of W. L. Kent.^ Slugs 

in. in diameter and 34 in. high 
(and 1 in. by 1 in. for lead) were care- 
fully annealed, then heated to the 
various temperatures, held there 15 to 
25 minutes and then subjected to a 
uniform blow of 50 ft.-lb. in a small 

drop hammer. The amount that the slug was squeezed down under 
the blow was plotted to indicate forgeability. 

Note that the temperature range through which the metal flows 
easily is relatively narrow for both the copper and alpha or high brass, 
with corresponding danger of overheating. Neither of these metals 
is forged in anything like the volume of the easily worked beta brass. 

In forging copper, every possible precaution should be taken to 
hold down the formation of the hard black oxide, which has a serious 
erosive action on the dies. This and the relatively high forging tem- 
perature help to account for the volume of copper now forged cold. 

^ W. L. Kent, “The Behavior of Metals and Alloys during Forging,” Journal of 
the Institute of Metals ^ London, 1928. 
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Fig. 238. — Recognized limits upon 
amount of metal and tool dimensions 
in successful upsetting. (After Frost 
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Table XXII shows a rather interesting comparison of the hardness 
of copper after hot forging at different temperatures and after cold- 
working corresponding amounts with and without annealing. The 
table shows Brinell hardness measured with a 1-mm. ball and a 10-kg. 
weight for 30 seconds. Copper recrystallizes between, say, 400 and 
600° F., according to the time allowed and previous strain-hardening. 
Yet in the first instance, where the metal was probably cold-worked 
under 20 per cent, it did not recrystallize in 10 minutes at nearly 600° F. 
The slugs which were forged at the lower degrees of heat show consid- 
erable residual strain-hardening. Above 1100° F., however, the anneal- 
ing was either spontaneous or nearly so, and was completed before the 
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Fig. 239. — Forgeability of non-ferrous metals, measured by distortion under a unit 
load at varying temperatures. {Ajier Kent 0 

slug cooled off. Heat contained in the slug is not likely to affect the 
results in this case to any great extent, as the slugs were too small to 
hold an appreciable amount of heat. 

Fig. 240 shows a group of aluminum, duralumin and copper 
press forgings. It is said that in trimming duralumin forgings a 
pair of knife-edge cutters to pinch the scrap off are better than the 
usual punch and die method, as the flash is inclined to be quite brittle. 

Brass for Forging. — Three phases of brass have been described: 
Alpha brass (under 36 per cent zinc), which has the face-centered cubic 
structure of copper. In fact, alpha brass is zinc dissolved in copper and 
occupying spaces in the copper lattice. This phase is cold-worked easily. 

Beta brass, which has a body-centered cubic lattice, and consists 
of an alloy CuZn, in which some of the alpha phase is soluble (when the 
zinc content is between 36 and 45 per cent at 900° F.). This phase is 
best adapted to hot work. 


^ See footnote, p. 267. 
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Table XXII 

COMPARISON OF THE HARDNESS OF COPPER AFTER HOT-WORKING, 
COLD-WORKING AND ANNEALING 

(W . L. Kent *) 


Brinell Hardness Numbers 

Forging Temperatures 

A 

B 

C 


Degiees F. 

Cold- Worked 

A-apnealed 

Hot -Worked 

Degrees C. 

(approximately) 

76 0 

77-70 5 

68 6 

300 

575 

75 8 

43 8 

67 0 

450 

850 

77 5 

j 42 4 

1 

j 66 9 

550 

1025 

79 0 

43 0 

6o-46 7 

600 

1100 

80 3 

42 9 

42 f* 

650 

1200 

81 3 

42 9 

44 6 

700 

1300 

83 0 

4? ^ 

i 

44 5 

850 

1550 


A Cold-worked to same reduction as C 
B Cold-worked samples annealed 10 minutes at 300° C. 
C Hot-worked under r)0-ft -lb blow 


Gamma brass, Cu 2 Zn 3 , which begins to occur above 48 per cent 
zinc, is not easily worked cither hot or 
cold. 

Fig. 241 shows very clearly the relative 
plasticity and forging range of the brasses. 

Thus pure copper, at the right, is more plastic 
than the alpha brasses (central portion), but 
less plastic than beta brass (at the left). 

These data were prepared by Alan Morris*'^ 
from drop-hammer tests in which slugs in. 
in diameter and % in. in height were heated 
to the various temperatures and then 
compressed under a uniform 200-ft.-lb. 
blow. The per cent reduction in height is 
taken as the measure of plasticity. These 
results may be compared with Figs. 239 
and 133. 

Referring to the constitution diagram for the copper-zinc alloys, 

®Alan Morris, ^'Plasticity of Copper-Zinc Alloys at Elevated Temperatures,” 
Technical Publication 390, A.I.M.M.E., Institute of Metals 125, 1931. 



Fig. 240. — A group of alumi- 
num, "duralumin” and cop- 
per press forgings. 
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Fig. 13, it may be noted that only two or three points in the upper left 
comer of Fig. 241 represent pure beta brass. A brass containing, say, 
61 per cent copper is all beta phase above 800° C. or 1472° F. Below 
that temperature the alpha phase begins to precipitate out, with cooling, 
until at 600° F. the alpha phase becomes decidedly predominant with 
accompanying reduced plasticity. A good illustration of this phase 
change and the attendant crystal structure has been presented by 
Mehl and Marzke.^ 

One important manufacturer of brass forgings specifies a mixture of 
59 per cent copper, 39 per cent zinc and 2 per cent lead, to be forged at 



Fig. 241.— Plasticity of copper-zinc alloys at temperatures between approximately 
1100° and 1550° F (Morns 

1400 to 1450° F. At this temperature the alloy is just on the edge of 
the all-beta area (Fig. 13). At lower temperatures it should contain a 
certain proportion of the alpha phase. Manufacturers who forge, for 
the sake of finish, at 1200 to 1250° F., and even lower, may properly 
specify 41 to 45 per cent zinc. 

Another recognized authority gives the composition: 52 per cent 
copper, 48 per cent zinc, when the part is not to be machined; and 50 
per cent copper, 48 per cent zinc and 2 per cent lead when it is to be 
machined. This mixture is beta brass very close to the border of the 
brittle gamma phase. 

• See footnote, p. 269. 

• R. F. Mehl and O. T. Marzke, ^^Studies upon the Widmanstatten Structure, II. 
The Beta Copper-Zinc Alloys and the Beta Copper-Aluminum Alloys,’' Technical 
Publication 392, A.I.M.M.E., Institute of Metals 127, 1931. 




BRASS FOR FORGING 


271 


The presence of from 1 or 1 per cent up to 3 per cent of lead in the 
mixture is common practice. It makes for easier machining and mate- 
rially reduces the tendency to crack in the beta brasses. A certain 
amount of lead seems to be soluble in the beta crystals. An excess 
separates out along the grain boundaries and is a source of weakness. 

In his experiments, Kent ^ investigated a 60 : 40 brass, with and 
without a 0.56 per cent lead content. He commented with reference 
both to cracking and to forgeability that it was quite evident that the 
alloy containing lead was the more satisfactory. He continued that 
As in 70 : 30 brass, micro-examination showed that cracks in the 
lead brass followed the crystal boundaries, and chiefly the boundaries 



Fig. 242. — A group of forging presses producing 300 to 1100 pieces per hour each. 


between alpha and beta grains, where lead was segregated. The 
absorption of alpha by beta became noticeable at 600° C. and complete 
at 750-800° C. The disappearance of surface cracking in lead bra.ss 
may be accounted for by growth of the beta grains since lead was no 
longer concentrated at the grain boundaries.” 

One American manufacturer gives the usual mixtures for forging at 
1250 to 1300° F. as containing 56 to 63 per cent copper, 0 to 3 per cent 
lead, 0 to 3 per cent iron, balance zinc. This would vary from beta 
brass to a solution containing some alpha. He comments that mix- 
tures containing 87 to 100 per cent copper which include aluminum 
bronzes and pure copper are also forged. With a copper content below 
56 per cent the brass (gamma phase) is brittle. Those containing 63 

<See footnote, p. 267. 
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86 per cent copper (alpha phase) are hard on dies causing them to 
crack and also develop hot shortness/' 



Fia. 243. — Press forgings produced 
from blanks sawed from extruded 
bars and, m two oases, preshaped 
cold. 



Fig. 244. — Power-press forgings, 
both American and European, held 
to tolerances between i 0.005 and 
0.010 in. 


Brass Forging Practice. — Fig. 242 shows an installation of fast tie- 
rod frame forging presses in a well-equipped American brass forging 
plant. Extruded rod usually round in cross-section is sawed to length 
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Fig. 245. — A group of brass press forgings, parts 3 and 6 being untrimmed. 

In power hack saws automatically fed, or sheared to length in small 
presses with dies shaped to the bar. The shearing cut is made at a 
slight angle if a fairly square end is required. 
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As most small press forgings are completed in a single blow, there is 
considerable advanl age, when the pieces are not symmetrical, in having 
a blank which reasonably conforms to the ultimate shape of the forging. 
Accordingly, as illustrated in Fig. 243, it is frequently desirable to use 
rod extruded to such a cross-section that, when sawed up into blanks, 
relatively little metal movement will be required to fill the die. The 
result of care in planning 
the blhnk is a reduction 
of scrap or flash loss as 
well as increased die life. 

Note in Fig. 243 that 
two of the pieces weie 
given three operations. 

Tliat IS, the bhmk cut 
from thv. extrude ^ bar 
was struck once cold to 
further shape it to the 
forging. It IS also pos- 
sible to use dies t o pierce 
and blank suitably 
shaped slugs, as for the 
loop handle in Fig. 243. 

In some cases small, 
irregularly shaped parts 
can be ganged together 
to permit the use of a 
simple slug for the 
group. Thus brass 
elbow fittings which 
would otherwise be too 
small to hold the heat 
for forging can be made 
in a three- or four-cavity die from a plain rectangular slug with relatively 
little scrap loss. 

Returning to Fig. 242, the slugs are loaded into the back of semi- 
muffle, high-speed-type, gas-fired furnaces similar to the one in the 
foreground, or longer. A helper is usually provided to deliver the slugs 
to the press man and to keep the furnace loaded. The gas-fired furnace 
seems to be preferred over both oil and electrical types. 

Fig. 244 shows a group of simple and intricate brass press forgings ’ 
some of which are American made and some foreign. In general, the 
tolerances range between plus or minus 0.005 in. and 0.010 in. The 



Fig. 246 — A heiivy forging press with hydro-pneu- 
matic relief cushion built into the bed. {Marquette 
Tool & Mfa. Co.) 
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surface finish is clean and smooth with a slight discoloration which is 
easily removed by pickling in dilute nitric acid. 

For figuring shrinkage allowances, the coefficient of expansion for 
brass is about 0.00000957 in. per inch per degree Fahrenheit. If the 
temperature of the forging in the die is assumed at 1450° and normal 
atmospheric temperature is taken at 70°, then the difference 1380° X 
0.00000957 gives 0.0132 in. allowance per inch oversize in making the die. 

The clearance* angle 
for knocking out, re- 
quired in drop forging, 
can usually be omitted 
or greatly reduced. The 
presses are ordinarily 
fitted with a cam-actu- 
ated knockout, a direct- 
connected lift-out with 
trip release or a hydro- 
pneumatic knockout in 
the bed. Cross-bar or 
cam knockouts in the 
slide can be provided 
as required. In the 
case of weak-bottomed 
dome-shape parts, and 
the like, the forging 
temperature, clearance 
angle and knockout 
time must be con- 

Fio. 247. — The trimmin^j; of brass forgings is generally prevent pos 

done cold in small presses. sible distortion of the 

forging. 

In Fig. 245, part 4 was forged in a closed die in order to force the 
metal to. fill both extremes. The other parts are forged with flash, 
which has not yet been removed in the case of parts 3 and 6. Flash has 
the advantage of acting as a means of relief for surplus metal. Where 
there is a possibility of overloading the press it may be built with a 
hydro-pneumatic overload relief in the bed as shown in Fig. 246. In 
this construction the high pressure is created and maintained entirely 
within the press-bed. The limit load is easily adjustable. 

The flash around part 3 (Fig. 245) serves the double purpose of cre- 
ating resistance to insure filling the extensions on both sides, and taking 
the force of the four knockout pins to lift the part out of the die. Flash 
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is frequently created to help force metal down into a deep cavity or 
comer of a die. 

Part 6 is an example of two light pieces ganged together and forged 
out of a simple cylindrical slug. They are separated in the trimming 
operation. 

As the average brass forging is fairly light in section and cools 
quickly, most of the trimming is done cold, as in Fig. 247. The end 
wheel and inclinable type presses are also used for hole-punching and 
slug-shearing operations. 
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Fig. 248. — The harmonic crank 
motion, widely used by reason of 
its simplicity and smoothness. For 
velocity change see page 195. 


A Simple pendulum swinging freely comes easily to rest at each 
end of its swing. There it reverses its direction again, moves with 

smooth acceleration to a maximum 
velocity in the middle of its swing, and 
decelerates with equal smoothness to 
rest at the other extreme. That is 
harmonic motion, which might merit 
the title ‘The ideal mechanical move- 
ment.’’ 

The Crank Motion. — A slide 
moved back and forth by a rotating 
crankpin in proper relation, is also fol- 
lowing the same smooth harmonic motion. Fig. 248 shows the con- 
ventional harmonic-motion curve for 
a crank-actuated reciprocating slide. 

The rotary motion of one cycle of 
the driving crankpin is plotted hori- 
zontally. The reciprocating motion 
or stroke of the slide is plotted verti- 
cally. This, of course, is practically 
the characteristic motion of the work- 
ing slide or ram of the average punch 
press. It is modified slightly around 
midstroke by the angularity of the 
connection. 

The foregoing is simple and ele- 
mentary but provides a starting 
point for a discussion of many modi- 
fied and specialized types of press 
motions. The ease of the crank 
motion itself explains its very general 
use, even in our modern efforts at 
ever-increasing speeds. Thus Fig. 249 shows a little automatic press 
of about 15-ton capacity operating smoothly at 450 strokes per minute. 

270 . < 



Fig. 249. — An eccentric-shaft high- 
production press employing a %-in. 
crank motion stroke at an operating 
speed of 450 SPM 
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Contrast with this the rather awkward looking wiring press at the left 
in Fig. 250, which has a 16-in. stroke. 

These two extremes and many other types of presses, most of them 
with numerous variations, employ the crank motion. Their differences 
and relative merits will be considered later in a discussion of press 
frames, driving means, etc. These numerous modifications of the crank- 
motion press are used in one way or another for almost every conceivable 
metal-working operation. Specialization and quantity production have, 
however, brought forth many special motions or groups of motions par- 



Fia. 250. — At the left, for comparison with Fig. 249 an outside drive wiring press 
with a lO-in. crank motion stroke at 25 SPM. 

In the center a straight-sided press with cam-actuated movement and dwell for 
curing rubber. Note wedge adjustment in the bed. 

At the right, an inclinable press with “ beaver-tail bottom stop mechanism for 
extended dwells in curing celluloid, rubber, fiber, cardboard, etc. 

ticularly adapted to some specific class of work. Accordingly the first 
general step will be a study of press motions. 

Cam Actions and Dwells. — One obvious alternative to the crank is 
the use of cams, whereby any desired motion may be obtained. Fig. 
250, in the center, shows a typical cam action press built in a conven- 
tional frame to obtain a bottom dwell for curing a rubber or fiber prod- 
uct. Similar modifications of ''C” frame or inclinable types, fairly long 
stroke machines, and wide presses have been made with equal facility. 
Cams also are largely used throughout the trade for the operation of 
knockouts and other auxiliary functions. In general, however, they are 
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avoided where possible as they are more cumbersome and slower than 
crank motions and are subject to higher unit bearing pressures under 
difficult lubricating conditions. 

Bottom Stop Presses. — Another method of obtaining a bottom dwell, 
which is used in the curing of celluloid, fiber, cardboard and other prod- 
ucts, is to arrange the clutch so that the press may be stopped at bottom 
center under full load, as well as at top center. This would normally 
put an excessive load on the clutch to avoid which a special Geneva 
action known as the beaver-tail stop^ is interposed in the gearing as 
shown at the right in Fig. 250. This brings the driving gear itself to 
rest as the slide reaches bottom center and gives a dwell period during 
which the clutch may be disengaged without stress due to the press load. 
As a positive clutch is used on the back shaft, the stop mechanism is 
repeated at the top center stopping position so that the clutch has only 
the inertia of the back shaft to overcome (not that of the big gear) in 
starting. In such equipments several teeth of the big gear are cut away 
back of the beaver-tail cam and a pair of rolls mounted on the side of 
the back shaft pinion engage the cam and take up the drive through the 
period where the gear drive is interrupted. The equipment gives the 
fast smooth opening and closing action of the crank motion with a dwell 
which may be regulated to suit the product. 

Shockless Extrusion. — Fig. 251 shows the motion curve of a type of 
collapsible tube extrusion press in which the same beaver-tail stop mech- 



Fia. 251. — The Gabriel stop curve for extrusion, timed to come to rest as the punch 
meets the work and then accelerate easily for a uniform and gradual extruding action. 

anism is used for an entirely different purpose. One of these presses 
illustrating the arrangement of the drive is shown at the left in Fig. 252. 
Here the function of the stop mechanism is to remove the impact shock 
from the tools. To accomplish this it brings the press slide to rest just 
as the tools reach the work and then accelerates it gradually to accom- 
plish the extrusion. 

1 Patented by Charles R. Gabriel; design reference: ^‘Ingenious Mechanisms 
by Franklin D. Jones, The Industrial Press, 1930, page 100, The Beaver Tail Stop 
Mechanism. 



THE KNUCKLE-JOINT MOTION 


279 


In Fig. 223 the working portion of this motion was compared with 
that of the crank motion and knuckle-joint motion, both of which are 
also used for extrusion presses. It may be noted in the figure that ex- 
trusion begins at a relatively high rate of flow in the knuckle-joint and 
then slows down rapidly, practically ceasing an appreciable time before 
the end of the cycle In a crank press, extrusion begins even more sud- 
denly and slows down even more quickly The type of press shown in 
Fig. 252, however, is easily adjusted so that the stop point coincides with 
the easy contact of tools and metal. Extrusion begins with a mechani- 
cally powerful and easy acceleration and continues at a practically uni- 



Fig. 252 —At the left, a shockless extrusion press usinji; the “beaver-tail stop" to 
arrest the tools as they contact and then time the rate of extrusion 

At the right, the shockless principle applied to punching steel. A straight-sided 
press with the ‘*beavei-tail stop " 

form rate which is materially lower than the initial rates in either of the 
other types of presses. 

The elimination of impact shock shows up in operation in reduced 
tool breakage, with attendant savings in lost time for tool changes. The 
reduction in peak rate of extrusion results in a lower degree of heating 
and permits somewhat greater operating speeds. 

Fig. 252 also shows an application of the same principles to heavy 
blanking work with apparently similar results. The possibility of 
carrying these principles into other specialized fields is of interest. 

The Knuckle-Joint Motion. — Knuckle-joint presses, Fig. 253, some- 
times confusingly referred to as toggle-joint presses, are popular and 
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Fig. 253. — Front and back views of a knuckle-joint pre.ss. Note the maasive frame, 
the knuckles in the bent position, the crankshaft at the back which actuates them. 


economical for bottom stroke work requiring extremely high pressures. 

They employ a crank motion at the 
back of the press to alternately 
straighten out the knuckles, Fig. 254, 
thereb}^ applying the working pres- 
sure, and then bending them again 
to lift the slide. The knuckles in 
the open position will carry compar- 
atively little load, and, owing to their 
angle when open, the press strokes 
..are comparatively short. As the 
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Fig. 254. — The links and connec- 
tion of a knuckle-joint press in the 
straightened or loaded position. 


Fig. 255. — The knuckle-joint motion resem- 
bling the parent crank motion in ease but 
slowing down to a partial dwell at the 
bottom. 


knuckles are straightened out toward bottom center, the toggle 
action gives a higher and higher mechanical advantage to the driving 
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crank. The theoretical maximum pressure capacity approaches infinity 
as the links approach the straight line, but this maximum is limited in 
fact by the bearing load and press frame capacities. 

The working motion of the knuckle-joint press, Fig. 255, resembles 
that of a crank, except that it is materially flattened out and eased off 
toward the bottom. Whether this semi-dwell at the bottom is of value 
in giving the metal under compression time to rearrange and stabilize 
itself in its new position seems open to question. But the high mechani- 
cal advantage gives this type of press a much higher load-carrying 
capacity, in proportion to its weight and size, than is found in other 
types. The working range is a very short distance at the end of the 
stroke', eliminating its use for mc'st forming and blanking work. The 
usual field of the knuckle-joint press is coining, embossing, swaging, 
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Fig. 257. — Motions of the Flat Edge 
Trimming Press. A, the main cam 
dwelling to maintain the cutting re- 
lation. B and C, the bed cam actions 
producing the four direction shearing 
movements. 

sizing (sometimes hot sizing) and, when suitably arranged, extrusion. 
These operations were discussed in Chapters X and XI. 

Percussion Presses. — For comparison with the motion curves of the 
knuckle-joint coining presses. Fig. 255, and eccentric-shaft forging 
presses which follow the crank motion, Fig. 248, there is presented in 
Fig. 256 an approximate curve for the action of the power screw press 
or percussion press. Here a flywheel attached to the upper end of a 
screw is friction driven with increasing velocity as the slide descends, 
until impact with the work absorbs the (whole) energy of the wheel. 
Except that it is much slower, this resembles the action of the drop 
hammer, where all energy of the falling-ram must be absorbed by the 
work. After the rebound the flywheel of the screw press is backed up 
by a reverse friction drive to the starting point. 

Flat-Edge Trimming Press. — Fig. 257 shows the interesting motion 
curve of the flat-edge trimmer, Fig. 65. Here three cam actions are 
combined. The first controls the press, bringing it down to close the 




Fig. 256. — An approximate curve for 
the action of the power screw press 
or percussion press. 
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dies with their cutting edges in proper relation inside and outside of the 
drawn shell which is to be trimmed, Fig. 63. Then a vertical shaft at 
the back operates a ring gear in the table of the machine. This gear 
carries cam races which impart front and back, and right and left, trim- 
ming motions to the two slides built into the table. The principal mov- 
ing parts in the table operate immersed in a bath of oil. 

A series of distance pins around the upper die are ground flat with it 
and ride upon the surface of the lower die. Under the clamping pressure 
of the hold-down cam these maintain accurately the relation of the 
cutting edges to insure clean 


square shearing. 

Cam Stripper Perforating 
Presses. — Fig. 258 illustrates a 
simple but i:)eculiarly effective 
auxiliary cam motion widely 
used on presses for multiple 
perforating operations. The 
press slide. Fig. 259, carrying 
the perforating punches follows 
the harmonic, or crank-motion, 
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Fig. 258. — A cam-actuated stripper Fig. 259.— A fast-acting perforating press 
mechanism following the crank motion with positive cam stripper or hold 
like a spring stripper but giving a down per Fig. 258. 

positive holding action. 


curve. The stripper follows exactly the same curve to the point where 
it meets the metal which it clamps positively while the punches pierce 
and strip. In timing, it resembles a spring stripper, and in similar 
fashion it permits the shortest possible punches and the least possible 
motion relative to the punches. Its positive clamping of the stock 
also minimizes the bow or buekle which is the inevitable result of close 
multiple perforating operations. The die is shown in Fig. 39. The 
timing of the cams is obtained by turning the holding or dwell surface 
from the shaft centers and the moving surface from the crankpin 
centers. The comers, of course, must be eased off. The stripper slide 
is usually returned by spring action. 
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Drawing Presses and Attachments. — In the performance of drawing 
operations, the terms single-, double- and triple-action refer to the use 
of one, two or three distinct working movements in the tools. Thus 
single-action drawing. Fig. 143, or redrawing, Fig. 148Z), is done with a 
single-motion press without any mechanism or attachment for blank- 



Fig. 260. — At the left, the “slow draw^' drive which increases the production rate 
per minute without increasing the actual drawing speed. 

At the right, a rack-and-pinion type reducing press with 9-ft. stroke and auto- 
matic reversing gear. 


holding. This is necessarily limited to relatively thick metal or to small 
reductions in thin metal. 

Double-action work is that in which a definite blank-holding action 
is required, Fig. 135, to hold the metal against the formation of wrinkles 
while another motion does the drawing. This requirement may be met 
by furnishing a double-action press for both holding and drawing, or a 
single-action press for drawing fitted with a suitable attachment for 
holding. 

Triple-action equipment is furnished for holding, drawing, holding 
again and redrawing where the metal will stand two draws without. 
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aimealing. This is done either with double-action presses with auxiliary 
blank-holding apparatus or with triple-action presses. 

Single-Action Drawing. — For single-action drawing in the heavy 
gauges and single-action reducing in the lighter gauges, the common 
presses are the straight-sided and gap frame types and the long stroke 
reducing presses. AJl these have the ordinary crank motion drive shown 
in Fig. 248. Often for relatively long strokes the presses are fitted with 
twin driving gears to divide the torsional load between the two sides and 
slabs of the shaft. Torsional stresses are especially high in drawing 
operations as the peak load frequently occurs shortly below midstroke. 

A modification of the crank motion which has been receiving favor- 
able comment is the use of the patented slow-draw drive, Fig. 260, for 
presses for drawing steel and for extremely light gauges. This mecha- 
nism, as shown in Fig. 261, gives a uniform and constant drawing ve- 



Fig. 261. — Compared at the same strokes per minute, the ^‘slow draw” drive gives 
a slower and more uniform drawing speed and a quicker return than the normal 

crank motion. 


locity and speeds up the return stroke so that a press may be run at a 
materially increased rate, in strokes per minute, without any increase 
to the drawing speed. The quick-return principle as a time saver re- 
sembles the action of shapers and planers in metal cutting. The advan- 
tage of limiting the drawing speed is particularly apparent in the drawing 
of steel where speeds in excess of 60 or 60 ft. per min. tend to cause 
welding of small particles on the steel die rings. The uniform draw- 
ing speed shows its worth especially in the elimination of chatter in the 
reduction of very light gauges and in broaching operations to which it is 
sometimes applied. 

For extremely long strokes the rack-and-pinion type press, at the 
right in Fig. 260, has long been a standby. These machines require the 
reciprocation of a considerable mass and for that reason are limited as 
to speed. Their drives are arranged in many cases so that the return 
©peed is faster than the down stroke as shown in Fig. 262. This may be 
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accomplished either electrically or by belt shifting on large and small 
pulleys. In either case, of course, the operating velocity is practically 
uniform. Control stops are so arranged on the side housings that the 
length of the press stroke and its 
limits may be adjusted to suit the 
job. Fast travel hydraulic presses 
with increased return speed and 
adjustable strokes are finding favor 
in this field. 

Fig. 263 shows a typo of crank- 
motion press developed for greater 
speeds in the long stroke reducing 
field. Here for a brass shell reducing 
and ironing job, for exampi % a crankpin velocity of 170 ft. per min. and 
an average V('locity of 108 ft. ix-r min. compare with a velocity of 16 to 
36 ft. per min. for the rack-and-pinion presses. The motion is that of 

the crank shown in Fig. 248. 

The ordinary crankshaft con- 
struction is used for reducing work 
for strokes up to three and occasion- 
ally four times the shaft diameter as 
on the press at the left in Fig. 260, 
but for strokes greater than that, 
the torsional strength of the shaft 
becomes relatively very low. Accord- 
ingly, for the longer strokes, the con- 
struction shown in Fig. 263 has been 
developed. Here the twin driving 
gears are mounted inside the press 
housings. The crankpin is pressed 
securely into them at a point near 
their circumference, and a double- 
driving pinion at the back insures a 
balanced drive free of torsional weak- 
Fig. 263. — A new type reducing press nesses. 

permitting a 36-in. stroke at 18 SPM. other interesting reducing 

method applied esj^ecially to ironing 
or wall reduction might be mentioned here. It is the Fulton Sylphon ^ 
progressive reduction process for long and extremely thin tubing in 

*‘‘The Manufacture of Thin- Wall Tubing,*' W. S. Lyhne, Machinery, p. 860, 
July, 1930. 
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Fig. 202. — Rack-and-pinion presses 
have a uniform down stroke and 
quick return but rarely draw faster 
than 40 ft. per min. 
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which each draw is accomplished in a number of crank-motion strokes 
which are relatively short. A long frame press, Fig. 264, is mounted 
horizontally with a long hinged drawing punch attached to the crank- 
actuated slide. The die is mounted in an adjustable bed which is carried 
in gibs like the slide. An extension to the machine is fitted with a 
ratchet draw bench mechanism operated from the press slide and in 
unison with it. The shell o* tubing, previously drawn as far as possible 
in other reducing presses, is started in this machine in such a manner 
that it will be pulled through the die by means of a tailpiece through a 
hole in its bottom, and at the same time pushed through the die by 
internal wall friction by the drawing punch. As the punch and the draw 
mechanism advance together, the tube is moved through the die. When 



FiG; 264. — ^A horizontal progressive reduction press with 8-in. stroke, for thin-wall 

tubes up to 10 ft. long. 

the pimch moves back for the next stroke, the draw mechanism and 
tube dwell. 

The machine has been applied especially to work in the non-ferrous 
metals (aluminum, copper, zinc and brass) and is reported to have pro- 
duced remarkably uniform tubing up to 10 ft. in length with diameters 
of 1 to 9 in. and wall thicknesses down to 0.004 in. The reductions in 
wall thickness per operation are reported at 40 to 50 per cent at speeds 
of 80 to 320 in. per min. The higher speeds were used for the smaller 
tubes. Brass tubes produced from cast shells, with or without a pre- 
paratory machine finishing, were reduced satisfactorily, exhibiting ex- 
cellent refinement of structure due to the working undergone. 

Accessory Blank-Holding Attachments. — Many if not most drawing 
operations require that some means be provided for blank-holding, that 
is, keeping the metal flat on the die surface while it is being drawn. This 
blank-holder miist be adjustable in such a manner that it will hold the 
metal rigidly, preventing the formation of wrinkles, and yet permit the 
metal to flow and rearrange itself with suflScient freedom so that it will 
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not tear along the side. The fact that the plastic working or rearrange- 
ment of the metal takes place almost entirely in the blank-holding area 
makes the holding means extremely important. 

For a great deal of this work it is economical to use the ordinary 
single-action crank press equipping it with a suitable drawing attach- 
ment under the bed or bolster plate of the machine. The die is then 
the inverted double-action type as illustrated in Fig. 265. Here the 
die ring with suitable drawing radius, knockout, etc., is mounted on the 
press slide. The punch or male member is mounted on the bolster, and 
around it is the blank-holding ^^ring” 
riding on pins which go down through 
the bolster to the drawing attach- 
ment beneath it. 

There are a number of t 3 q)es of 
drawing u^ttachmeiits available, no- 
tably, rubber bumpers, springs, spring 
mechanical devices, air cushions and 
, air-controlled hydraulic (hydro-pneu- 
matic) cushions, of which the last 
two are the outstanding modern 
types. 

Springs and rubber are the oldest 
and cheai^est and for that reason are 
still used on quite a variety of work. 

Aside from the question of conveni- 
ence, these are subject to criticism 
on the ground that the blank-holding 
pressure which they give rises as the 
draw progresses, whereas it is held 
that in making severe draws, as on 
relatively light gauge material, scrap 
loss due to breakage is much reduced by having a practically uniform 
pressure. 

Certain it is that in rubber and spring attachments the pressure rises 
in practically direct proportion to the deflection. The rate at which it 
rises, however, is governed by the length of the springs or rubber com- 
pared to the drawing stroke. Thus if the attachment is sufficiently long 
the rise in blank-holding pressure from the beginning to the end of the 
draw may be held to reasonable limits. 

Fig. 266 gives, for example, the results of a series of compression 
tests on new live rubber bumpers. The curve shows the rise of the 
blank-holding pressure in pounds per square inch of the original plan 



Fig. 265. — The inverted type drawing 
die for double-action operations in 
single-action presses. 
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area of the rubber, plotted against per cent compression or reduction in 
length. Re-application of the load indicated that the rubber had taken 
some permanent set from the first test. Age, temperature and mixture 

also have considerable effect. A 
very general rule was drawn, how- 
ever, that the rubber will exert a 
holding pressure of between 6 and 
9 lbs. per sq. in. of cross-section 
area, per 1 per cent of compres- 
sion. In practice the compression 
should never exceed 20 or 25 per 
cent. During the tests it was 
noted that the rubber settled a 
little at each loading, losing as 
much as 5 per cent of its })ressure 
on standing a couple of minutes. 
After a 20 per cent compression 
the rubber had a set at no load of 
1 to 2 per cent and after 50 per cent compression a set of 10 per cent 
some of which was retained to the next day. Heat generated in the 
course of a day’s operation may alter 
the rubber pressure sufficiently to 
require several readjustments. 

Fig. 166, page 185, shows a typi- 
cal spring drawing attachment on a 
large press fitted with dies for metal 
casket work. The springs are ar- 
ranged in nests as shown and are 
adjusted by taking up on the nuts at 
the top of the long suspension rods. 

The pressure plate at the top of the 
springs may rest against limit screws 
through the bed or directly against 
the under side of the bolster plate. 

The blank-holding ring rides upon 
pins through the die shoe, which in Fig. 267.— A rubber drawing attach- 
tum rest upon pins through the bol- *nent with toggle links designed to 
ster to the pressure plate. Rela- ^ nearly uniform pressure, 

tively small-diameter car springs of 

heavy square wire are used on such attachments and are selected on a 
basis of about 18 in. of spring length per inch of draw. 

It is reported that the particular installation shown in Fig. 166 has 




P'lG. 266. — The highest and lowest curves 
(solid lines) from a group of rubber com- 
pression tests. 
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since been changed over to the use of air cushions for greater convenience 
and ease of adjustment. 

Several drawing attachments have come out from time to time em- 
ploying various linkages designed to equalize or 
compensate for the rising pressure of the energiz- 
ing rubber or springs and therefore deliver con- 
stant pressure to the blank-holding ring. Such 
a device is illustrated in Fig. 267. Here a clever 
toggle linkage controls the blank-holding pres- 
sure so that it is absolutely constant throughout 
the draw. This holds, however, for a certain 
predetermined pressure only. When it becom(‘s 
necessary to adjust this, there results an increas- 
ing or decreasing pressure varying with the 
amount of adjustmejit. 

An outgrowth developments of this type 
is shown in Fig. 268. Here a reversing action 
is obtained through diF^rential gearing or levers 
so that the punch, instead of being fixed to 
the die base, moves up as the blank-holding 268.— The Rhoades 

nng about it is forced down by the press slide, drive the punch upward 
This permits drawing almost to the full amount by means of a reversing 
of the press stroke, Fig. 269, although the gearing approximately as 
relative drawing speed in the tools as they shown, 

pass is equal to or exceeds that in the 

common arrangement of single-action presses with drawing attach- 
ments. 




The blank-holding pressure 
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Fig. 269. — The crank motion of the 
slide (draw ring) is reversed for the 
punch (see Fig. 268). 


the direct resultant of the resistance 
met by the drawing punch. That 
is, the pressure is transmitted back 
through the gearing so that it varies 
with the thickness of the metal being 
drawn. The relative punch position 
can be adjusted, but not the blank- 
holding pressure. This always re- 
mains equal to the whole drawing 
pressure, whereas it is common prac- 
tice, with other methods of blank- 


holding, to range from zero on heavy gauge material to between a 


fifth and half the drawing pressure on light gauge deep draws and as 


high as double the drawing pressure on shallow stretching operations. 


A short heavy spring is provided to strip the shell and return the 
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device to its normal position. It is said to play only a minor part in 
the blank-holding action, however. 

Figs. 265, 270 and 271 show the latest and most satisfactory of the 
drawing attachments, the air cushion and the cushion bed. The former 
illustrates the manner in which the blank-holding ring rests upon pins 
around the drawing punch. The pins are continued down through the 
bed to one or a group of air-pressure pistons or cushions under the bed. 
These cushions are connected to a suitable i^mge tank mounted near the 
press. The tank is connected to the shop air line through a regulator 



Fig. 270. — Press with air cushion Fig. 271. — The built-in cushion bed 

attachment for drawing a rectangular on a long stroke single-action press 

shell. Note convenient pressure dial for varied draw jobs. . 

and regulator valve, {Courtesy Mar- 
gueite Tool & Mfg. Co.) 

valve and gauge conveniently located beside the press. The pressure 
applied by the cushion is resilient to allow for thickening of the material 
and is* practically uniform during the drawing stroke. 

In setting a new job the operator adjusts the blank-holding pressure 
by means of the regulator valve to the point at which wrinkles are held 
out without tearing. The adjustment is easily made, and once recorded 
it may be duplicated at will on subsequent set-ups. The time saving 
which this entails and the fineness of adjustment are outstanding features 
of this equipment. 

Another development in this line is the cushion bed press in which 
the cushions ^nd surge tanks are built right into the bed of the machine. 
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One of these units is shown in Fig. 271, a long stroke single crank drawing 
press. This arrangement makes for greater mobility in those shops 
which shift equipment frequently to suit changing manufacturing groups 
or methods. 



Fig. 272 . — A large four-point single-action press with air cushions and locking device 
in the bed, in use in an automobile body stamping plant. 


The principal object, of course, in purchasing a single-action press 
with drawing cushions built into the bed is to obtain maximum flexibility 
of equipment. Most of the large general-purpose presses and increasing 
numbers of the smaller ones are now so built. Such units are adaptable 
to drawing operations; to forming work where a pressure pad is required; 
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to combinations of blanking and drawing, or of blanking and piercing; 
or to plain blanking operations in which a pad is placed in the die and 
the pressure holds the sheet flat for accuracy and returns the blank to 
the surface for removal. Many of the smaller units are arranged so that 
the cushions or parts of them are removable for push-through blanking. 

Fig. 272 shows a rear view of a “four-point’’ single-action press with 
air cushions built into the bed. The use of four cranks, to apply pressure 
at the four corners of large area slides, insures against tilting of the slide 
under conditions of unbalanced loading. The gear trains, which are 
completely encased to run in oil, are also planned so that unbalanced 
loading will cause a minimum of torsional misalignment. The small 
chain drive at the left operates two drums on which are adjustable cams 
to operate air values which control a hydraulic locking device attached 
to the air-cushions and the pressure pads in the bed or base of the press 
(which is well below the floor line). The function of the locking device 
is to delay the return of the cushions so that stampings which are drawn 
with a flange will not be damaged on the up stroke between the opposing 
pressures of a blank-holding ring and a knockout pad. For similar 
reasons locking devices are even more frequently required on double- or 
triple-action presses equipped with air cushions. 

Cam Drawing Presses. — When single-action presses are equipped 
with blank-holding attachments under the bed, the relative action of 
the two functions (drawing and blank-holding) may be represented as 
shown in Fig. 273. The draw ring must follow the harmonic motion of 
the press slide. The draw plug (Fig, 265) is fixed upon the press bolster. 
The blank-holding ring, carried on the drawing attachment, dwells at 
rest until the draw ring contacts with it on the down stroke. It then 
moves down to bottom center and up again to its rest position following 
the motion of the slide. That is, it dwells through the idle portion of 
the press stroke and moves under pressure through the working period. 

Compared with this, the blank-holding slides of double-action presses, 
in general, dwell under pressure during the drawing period and move out 
of the way under no load during the idling period. This is shown, for 
example, in Fig. 274. 

Work is the product of pressure and the distance through which it is 
applied. The work done in drawing is the same for both single- and 
double-action presses. The work done in blank-holding on a double- 
action press is a negligible item, for while the holding pressure may be 
high, it is applied only through a working stroke represented by a very 
slight deflection of the working parts. But, taking a spring drawing 
attachment as an example, the slide of a single-action press must do 
wotk, compressing the springs, throughout the drawing stroke. "A por* 
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tion of this energy may be returned to the system on the up stroke but 
the amount is limited, owing principally to inertia of parts. Therefore, 
especially on deep drawing operations the power requirement is less for 
a double-action press than for a single-action press with drawing attach- 
ment. 

Like any highly specialized equipment the double-action press is 
designed throughout for a specific purpose and is not often used for other 
classes of work. Extended frames, high flywheel capacities, gearing 
adapted to midstroke loads, extra capacity in clutch and motor, and 
other features are pointed toward greatest utility for double-action 
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Fig. 273. — Relative movements of 
slide and drawing attachment on a 
single-action press. 
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Fig. 274. — Movements of the crank- 
actuated drawing slide and cam-con- 
trolled cutting and holding slide of 
cam presses similar to Fig. 275. 



Fig. 275. — A cam drawing press of the 
type employing two-way cams to ac- 
tuate the outer slide. 


drawing operations. In this classification may now be. included the new 
cushion bed drawing presses mentioned previously, which are planned 
specifically for drawing operations and offer certain advantages in con- 
venience and flexibility. 

Cam Drawing Presses. — Fig. 274 shows the typical action of the 
blank-holding and drawing slides of cam drawing presses such as the 
one shown in Fig. 275. The stroke is a little more than twice the maxi- 
mum depth of draw to permit easy removal of the finished shell. When 
desirable, work can be pushed right through the bed of the press, which 
is a distinctive feature of double-action presses. Push-through drawing 
operations are faster and more positive as a rule than operations in 
which a shell must be lifted out of a die or stripped off from a punch. 
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Obviously only straight-Tvalled shells with plain bottoms can be 
pushed through a die. But in the numerous cases where this is possible, 
the operating efficiency is high as one blank or shell may follow another 
without any lost time for disposing of the last one. For that reason 
this method is frequently used for automatic and semi-automatic opera- 
tions. Thus one manufacturer keeps a large toggle press running con- 
tinuously. The operator feeds 20-in.-diameter blanks down an inclined 
roller table to a nest on the die. The shells, over 10 in. in diameter and 
in. thick, are drawn right through the die and slide out under a bridge 



Fig. 276. — A combination blank- 
ing and drawing die for push- 
through work. 



Fig. 278. — A double-action press 
die for work with a flange or a 
bottom forming operation. 



Fig. 277. — An inclinable cam drawing 
press using two cams for holding down 
and a third at the side for lifting. 


bolster onto a conveyor which carries them through a continuous an- 
nealing furnace and to the next operation without intermediate handling. 

Fig. 276 illustrates a typical combination blanking and drawing die 
for push-through work in a double-action press. It may be noted that 
this die has a maintenance advantage over the type of combination dies 
shown in Figs. 266 and 268 which are used with imdemeath drawing 
attachments. This is the use of separate rings for the inner cutting edge 
and the drawing edge. When the die is inverted and these functions 
have to be combined in the same ring, the drawing edge must be redressed 
every time the cutting edge is reground. 

Fig. 277 shows a C-frame press arranged witl| a die similar to that 
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shown in Fig. 276. By pulling the stock through from the coil and 
against the stop on the die, the operator is able to maintain a uniformly 
high production rate, catching every stroke of the press. Similar presses 
are also fitted with automatic double-roll feeds for coil stock and with 
friction dial feeds for secondary operations. In such cases spring latch 
fingers are often furnished under the draw ring to insure absolutely posi- 
tive stripping of the shell. Such an arrangement was shown in Figs. 
159 and 160. Stripping fingers are rarely necessary in hand feeding, 
however, as the punch may be vented to break the suction and the 
strained metal in the shell wall tends to expand slightly and stick in the 
die ring rather than on the punch. 

Fig. 278 shows a typical double-action press die for work which 
cannot be pushed tlu'ough. This includes shells which require some 
stamping operation on the bottom or those drawn with flanges or with 
tapered or shaped wails. A combination of piercing operations in the 
bottom with drawing is rr^ely attempted on double-action presses both 
because the punch slide on such presses is usually allowed to float to 
a certain extent to cempensate for non-uniform metal thickness and 
because the logical arrangement would usually involve pushing the slug 
up into the punch instead of down through the die. 

Work which cannot be pushed through the die must obviously be 
lifted out. For this several mechanisms are in common use. C-frame 
and inclinable machines of the type shown in Fig. 277 employ a lever 
under the bed actuated from the back of the blank-holder slide or, more 
commonly, from the return cam lever at the side of the press. Straight- 
sided presses usually use a crossbar under the press bed, suspended from 
the blank-holder slide by rods set back into the side housings. Both 
mechanisms are adjustable and both hold the knockout pad up to the 
top of the die until the press is tripped for the next stroke. This will 
occasionally interfere with locating the work for redrawing operations. 
In such cases a trigger lock mechanism is provided to permit the pad to 
drop back as soon as the last shell has been hfted free from the die. Air 
cushions with a timed valve control are also coming into use as knock- 
outs, especially on some of the larger double-action presses. 

Figs. 275 and 277 illustrate two cana arrangements still in use at the 
present time. The difference is essentially in the method of returning 
the blank-holding slide. Some of the earliest double-action presses 
built in this country were underneath drive machines which employed 
cams to push up and hold the outer slide and depended upon the force of 
gravity to return. In later machines the driving mechanism was more 
conveniently arranged above the work and the cams held the outer slide 
down. Three ways of returning this slide to the up position then in- 



296 


PRESS CHARACTERISTICS AND MODIFICATIONS 


eluded: springs, wliich have fallen into disuse; the separate return cam 
at the side, as in Fig. 277, which actuates a cross shaft and lifting yoke 
at the back of the press; and the two-way cams, Figs. 274 and 275, 
which both lift and lower the outer slide for blank-holding. The timing 
of the movement of the outer slide is a little more flexible and easier with 
the separate return cam, but the mechanical construction is somewhat 
better balanced with the two-way cam so that for practical purposes 
there is little to choose between the two constructions. 



Fig. 279. — At the left, the No. 4 drawing pretis of 1881, many structural features of 
which have long been abandoned. At the right a walking beam drawing press of 
about 1880, weighed 31,000 lb., ran 9 SPM. 

Before leaving the cam drawing presses it may be of interest to note 
something of their history. Their origin is said to date from 1859 in this 
country and possibly a little earlier in France. The Bliss and Williams 
catalogue for 1873 and the Stiles and Parker catalogue for 1874 both 
show double-action cam presses. By 1880 there were half a dozen dif- 
ferent sizes and types. Shortly thereafter the underneath drive types 
with pull-down punch slide and cam-lifted blank-holder began to dis- 
appear. The positive cam return was just coming out as an improve- 
ment upon the use of springs or gravity to return the outer slide. The 
designs included some rather weird arrangements and other types which 
were clearly predecessors of our modern machines. The toggle presses 
did not appear for another decade. 

Fig 279, copied from woodcuts in an 1881 catalogue, shows designs 
which seem odd in the light of modern practice. Note the thin spokes 
in the gears and wheels, the shrouded pinion and the mounting of the 
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gearing as a separate unit at the side. The press at the left weighed 
about 15,000 lb. and was quoted to 
run at 9 strokes per minute on dish 
pans, bird cage bottoms, milk pans, 
etc., up to 5 or 6 in. deep. The 
opcm rod frame construction has 
frequently tempted designers in the 
press trade but has rarely survived 
for any length of time. The columns, 
in this case wrought iron, in. 
in diameter, invariably sway and 
stretch unevenly owing to unbalanced 
strains which cannot be avoided in 
p>ess work. Using the columns for 
bearings Tor the blank- holder causes 
maintenance troubles due to wear- 
ing shoulders at varitnis levels as 



adjustments are made. 

Another odd design of 1878 or 
earlier is shown at the right, and in 
Fig. 280. A somewhat similar machine 


! iG. 280. — A machine identical with 
that shown at the right in Fig. 279, 
which survived half a century of 
operation. 


which is still in operation is shown 


on page 150. In this case tlie gearing and cams are mounted on an ex- 



tension at the back of the press. 
Vertical links transmit the double- 
action motions up to walking beams, 
at the top of cast housings, and thence 
down again to the press slides. 

Fig. 281 shows a modern double- 
action crank press, sometimes re- 
ferred to as a three-crank press. It 
represents a type developed in the 
early days of double action work 
(prior to 1873). The 1881 catalogue 
shows a cut of a small double-action 
crank press and remarks that the 


Fig. 281.— a high-speed double-action 
crank press for blanking and cupping 
first operation cartridge shells, 7 per 
stroke. Smaller sizes are used for 
cutting and cupping button covers. 


design has subsequently been im- 
proved by the substitution of cams 
for cranks to improve the dwell. 
That judgment was premature, how- 
ever, as the crank action types persist 


because of decided inherent advantages for certain classes of work. 
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Fig. 282 shows the timing curves for this type of press. It is a com- 
bination of two harmonic motions, one of which has a much shorter 
stroke than the other. The shorter motion is that of outer slide which 



Fig. 282. — Timing relations between the cutting and holding slide and the (inner) 
drawing slide of a double-action crank press. 

cuts the blank and partially holds while the inner slide draws the shell 
and pushes it on through the die. The outer slide is timed 60 to 90^ 
ahead of the drawing slide, so that the near dwell of the former across 



Fig. 283. — At the left, the use of two-way cams to operate both the inner and outer 
slides of a double-action press permits both to dwell with considerable latitude in 

timing. 

At the right the inside slide holds the blank while the crank-actuated outer slide 
cuts, draws, bends, rivets, stamps, etc., or to suit. 


bottom center coincides with the greatest (drawing) speed of the latter. 

These presses are used, therefore, for blanking in combination with 
shallow draws in relatively light material such as button collets, cuff 
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and collar button parts, and the like; and with deeper draws in rela- 
tively heavy gauges as in the production of shell and bullet cups. Both 
classes of work require only a brief or negligible blank-holding action. 

The advantage of these machines is that a crank motion requires less 
maintenance attention than a cam action and can be run very much 
faster. Therefore where a double-action press with a slight dwell is 
satisfactory and the production is large, such presses are the best obtain- 
able. The prc^ss shown in Fig. 281 was built and arranged for blanking 
and drawing 7 first operation bullet cups per stroke and was one of many 
in wartime service. 

A. reversal of three crank princi- 
ples is found at the left in Fig. 2S3. 

Here three two-way cams are ar- 
HiUged to operate the inn^r aiid outer 
slides of asDf^cial dx/uble -action press 
to obtain any desired timhig. Thus 
in this case the outer slide may close 
a die or mould, and hold it. The 
inner slide may then descend to force 
some plastic material into the closed 
mould and then dwell to hold it under 
pressure during a brief curing period 
before both slides open. 

Fig. 283, at the right, shows a 
double-action cam press in which the 
normal slide functions are reversed. 

Here the outer slide has the crank 
motion and the inner slide is cam- 
actuated so that it can dwell during 
the working period. In this partic- 
ular instance the press is used for weighing^’ rubber or squeezing it 
to a desired thickness with the inner slide and then shearing it to shape 
with outer slide. 

It may be noted that all types of double-action cam and crank presses 
are built with both C-frames and straight-sided frames. The majority 
of smaller presses are of the former type, however, and are usually in- 
clinable. The larger presses are usually made with straight-sided frames 
of the built-up, shrunk tie-rod type. 

Fig. 284 shows an interesting link between the double-action cam 
and toggle presses which might be termed a cam-actuated toggle drawing 
press. The original illustration appeared in an 1890 catalogue. The 
inner slide for drawing purposes is crank-actuated as usual. The outer 



Fig. 284. — The connecting link be- 
tween the cam and toggle presses, a 
machine of about 1890, in which both 
mechanisms were combined to obtain 
the blank-holding action. 
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or blank-holding slide is driven from a cam race inside the left-hand 
gear through a set of toggle links and levers. The rock shafts at the 
front and back are geared together by a pair of segments at the right. 
A heavy counterweight suspended below the segments helps to balance 
the weight of the outer slide. 

The press is described as ‘‘much heavier and stronger in all its parts 
than an}^ press hitherto put on the market.” It weighed about 130,000 
Ib. and was priced under cents a pound. The frame is interesting as 
a predecessor of the bolted construction which enjoyed some vogue in 
the early part of this century. The full-length housings were tied 
together by a bed plate and crown bolted between them. The principal 
weakness lay in the fact that the three shaft bearings were difficult to 

maintain in alignment. One of them was 
carried in each housing and the third in the 
crown so that any weave or distortion could 
throw them out of line. This may be com- 
pared with modern construction in which 
all shaft bearings are bored in a single crown 
casting so that their alignment cannot be 
destroyed. 

Toggle Drawing Presses. — The evolu- 
tion of the toggle mechanism as a means 
of actuating the blank-holding slide of a 
drawing press took place between 1887 and 
1890. Refinements in design and details of 
construction continue to be made; but the 
simple principles developed then were so 
fundamentally sound that they have changed 
very little in the intervening time. 

Fig. 285 shows one of the early toggle drawing press designs. The 
outer slide was operated by two instead of four toggle links. A rock 
shaft at the back of the frame above the back shaft carried the levers 
which furnished the intermediate toggle action and which were in turn 
driven from the main crank of the press by means of a bearing at the 
back of the connection strap. This appears to have been quite an effi- 
cient design, as the toggle series included the conventional three dead 
centers. The dwell and probably the timing relation should have re- 
sembled closely that of more recent presses, as in Fig. 151. 

These machines were built in both geared and non-geared types 
though the latter were undoubtedly used only for very shallow draws 
on account of the relatively small amount of flywheel energy available. 
Four bolts were provided between the outside slide and the blank-holding 
punch plate to permit independent comer Adjustment. 





Fig. 285. — An inclinable tog- 
gle drawing pre.ss from a 
woodcut in an 1890 catalogue. 
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Fig. 286 shows a No. 15 toggle drawing press built in 1890. With 
the original built-in steam engine drive it weighed about 125,000 lb. and 
cost $10,000.00. Thirty years of its operating history have been re- 
ported with no major repairs or changes except substitution of an electric 
motor for the steam engine. 

Almost every detail of the press has been modified and improved in 
modern practice, yet the underlying principles, like those of the auto- 
mobile, remain unchanged. The most obvious improvement is in the 
arrangement of the gearing, which is now high at the back of the press. 
Brakes, clutches and bearings have also been much improved. The 



Fig. 286. — A toggle drawing press built in 1890 and used for thirty years or more 
in the production of wheelbarrow trays and road scrapers. 

outside ^^banjo^^ slide, which actuates and counterbalances the blank- 
holding slide, has been moved in against the frame. In a still earlier 
design, especially of smaller sizes, this outside slide was driven by means 
of a sliding block on the outside crankpin and a cross slideway in the 
banjo slide, instead of the long connecting link now used. 

A modification to the standard design, which appeared in 4901, in- 
volved the provision of means for adjustment in the length of the con- 
nection between the end of the crankshaft and the banjo slide at the 
%Bide. This adjustment made it possible to cause the toggle links to pass 
their dead-center positions to a greater or less degree. Then instead 
of a practically smooth dwell there might be inserted a rise or relief 
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point in the midst of the dwell to permit the metal to flow or thicken up. 
This would appear to have been of small practical value for it did not 
survive. 

Double-crank toggle presses lagged behind the single-crank type in 
development, as there seemed to be no great need for them until stamp- 
ing methods began to be applied to the large area body work of the auto- 
mobile trade. The early models, around 1909, were merely the single- 
crank type, shown in Fig. 178, widened out. The greatest milestone in 
this type came about three years later when the twin drive, for shaft 
and blank-holding mechanism, was introduced to divide the torsional 
load on these parts. This resulted in the development of such presses as 
that shown in Fig. 169, and many wliich are larger. The twin-drive 
principles have now been applied also to many of the larger single-crank 
toggle presses, as in Fig. 151, especially where they are used on relatively 
heavy gauge work. 

Toggle Motions and Dwells. — Fig. 287 represents the timing relation 
for most toggle drawing presses. The inner or drawing slide has the regu- 
lar crank motion. The shaft is usually stopped at about 15® back of 
top center, as that is the highest common point of the two motions. 
The toggle drive is timed about 30® ahead of the crank motion so that 
the blank-holding dwell begins at midstroke down and continues a 
little beyond bottom center. 

Figs. 288 and 289 are arranged to show the development of the 
toggle motion dwell. Essentially this is a combination of driving parts 
arranged to multiply and extend the period of hesitation at dead center. 
A dead center is an instantaneous position of mechanical parts at which 
a driving member (crank, lever or slide) is traveling at right angles to 
the direction of travel of some other member which it is driving (usually 
through a connecting link). At that instant the velocity of the driven 
member should be zero, whatever that of the driver may be. 

A toggle mechanism may be described as a grouping of cranks, levers 
and slides with the necessary connecting links, so that the train of move- 
ments may contain several dead-center positions at approximately the 
same time. If the motion is so controlled that the several points pass 
through dead center a little way and back through it again in returning, 
the eflfective dwell period may be extended within certain limits. 

In Fig. 288 are a series of curves which illustrate respectively the 
effects of one, two, three and four dead-center positions arranged in 
unison. The original motion in each case is the crank motion, and one 
revolution of the crank is the cycle plotted* The letters at the left refer 
to the diagriimmatic sketches of the typical motions shown in Fig. 289. ' 
In that illustration the sketches at the left show the up position of the 
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slides at the beginning of the cycles. The sketches at the right show the 
down stroke dwell position (at 180°). In each case the figures 1, 2, 3 
and 4 indicate the dead-center positions which contribute to the dwell 
obtained. 

Curve A and sketch A illustrate the result of driving a slide with a 
simple rotary crank motion, the starting point in every case. Note that 
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Fio. 287.“-Tiniing between 

the drawing and blank-holding slides 
of toggle drawing presses. 





Fig. 288. — The development of the 
toggle dwell showing the effect of 1, 
2, 3 and 4 toggle points or dead 
centers. Letters refer to linkages in 
Fig. 289. 


Fig. 289. — The crank motion, 
the knuckle-joint press, the 
standard toggle dwell and the 
four-point dwell producing 
respectively the 1-, 2-, 3- and 
4-point toggle actions shown in 
Fig. 288. 


as the crankpin, traveling at constant velocity, passes through its dead- 
center positions (1), the resultant velocity of the slide is zero, though 
there is no appreciable dwell period. 

At B are illustrated the knuckle-joint coining press motion and 
linkage to show the efiFect of combining two dead-center positions. As 
the driving crank reaches its dead center (1) it straightens out the main 
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links to a second dead center (2). As increased mechanical advantage 
is the only object in these presses and no dwell is required by the work, 
the links are actually stopped a little short of the dead-center position 
to save time in the cycle. A short dwell might, of course, be obtained 
by extending the horizontal link or the stroke slightly so that the vertical 
links would pass slightly over their dead-center position and return. 

At C is illustrated the most commonly used mechanism for driving 
the blank-holding slides of toggle drawing presses. Variations upon this 
linkage may be and have been made without altering the essential prin- 
ciples or results. It is a sequence of three toggle or dead-center points. 
The first is the top center position of a crank-motion pin (1) which 
drives a vertically moving counterbalance slide. This slide in turn ac- 
tuates the rock shaft levers through short links which slightly overpass 
a dead-center position at the points 2. The rock shafts in turn slightly 
overpass a dead-center position at 3 as the}^ drive the long links to lift 
and lower the blank-holding slide. 

At D are illustrated the principles of a four-point toggle dwell which 
has also been used with various modifications, as a drive for drawing 
presses, as shown in Fig. 290. No toggle dwell is theoretically perfect, 
but by reducing or eliminating the overpass at one or two dead-center 
points a more perfect dwell is claimed for the four-point dwell than for 
the simpler three-point type, Fig. 169. Actually the minute theoretical 
Jnequalities in toggle dwells are completely lost in the normal but negli- 
gible deflections of the linkages and members of the press frame. The 
four-point dwell necessarily requires a longer train of moving parts, and it 
will also be noted at D in Fig. 288 that the rise and fall of the 
blank-holding slide is somewhat steeper than with the three-point 
linkage. 

Fig. 291 illustrates the development which made possible the entry 
of the hydraulic press into the quantity-production metal-working field. 
The adjustable stroke to suit the depth of draw and the development of 
drawing pressure as high in the stroke as required are the desirable fea- 
tures for drawing work. The controllability of pressure is of prime value 
where bottom stamping is involved. The adaption of punch press 
shrunk tie rod frames to protect fine tools, in place of the old open rod 
constructions, has been essential. Placing the reservoir immediately 
above the rams with normally open prefill valves, positive return 
cylinders with holding valves and large direct drive, variable deliveiy 
pumping units are elements of importance. The cycle of operation per- 
mits an economical wide open transition from quick advance to high 
pressure, to quick return with a smoothness and speed which constitut/es 
quite a remarkable advance in hydraulic press construction. 
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The “hydro-dynamic” press shown in Fig. 291 is capable of develop- 
ing working pressures up to 165 tons on the inside or drawing slide, 50 
tons on the blank-holding slide, and 20 tons on the hydraulic pressure 



Fia. 290. — A double-action toggle press of the four-point dwell type, fitted with 
pneumatic pressure attachment in the bed and used at the time to draw the top of 

an automobile. 

pad in the bed. In the production of halves of long oval automobile 
head lamp shells requiring a 5J^-in. deep draw the operator was able to 
produce 9 shells per minute tripping the press for each stroke with 
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double palm button controls. A 20-horsepower motor is required to 
operate the press at this speed. 

Triple-Action Operations. — It became apparent fairly early in the 
history of drawing sheet metal that, for a few jobs, three distinct operat- 



Fiq. 291 . — A fast-acting double-action hydraulic press for drawing halves of auto- 
mobile lamp shells. 


ing motions would prove either desirable or essential. The usual se- 
quence involved holding by one member, drawing by a second member 
which subsequently became a holding member, while further drawing 
was perform^ by the third member. TildB may be accomplished by a 
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single-action press equipped with a compound drawing attachment, a 
double-action press with a single drawing attachment, or a triple-action 
mechanical press. 

Triple-action methods were early applied to the production of certain 
cooking utensils and the like where the ductility of the metal would 
stand two successive draws without annealing. Then came crowned 
fenders which required two holding actions to prevent wrinkles over the 
reverse curve. More recently triple-action principles have been applied 



Fig. 292. — A typical triple-action automotive stamping, the side of a light truck 
body. Note the draw beads and note also how irregular must be the shape of the 

blank-holding surfaces. 


to automobile door and body stampings where an outline shape is drawn 
first and then a depression for a window or wheel housing is put in as a 
redraw. 

Fig. 292 shows a typical triple-action automotive stamping. Al- 
though it involves drawing in opposite directions, it is not a true draw 
and redraw job in the same sense as a double-drawn cooking utensil. 
It may be drawn either side up according to equipment available. 
There is difference of opinion whether the principal draw should be 
completed first, and then the redraw be started to form the reverse de- 
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pressions, or whether the draws in opposite directions can be completed 
simultaneously. This depends in part upon details of the particular 
shape such as the presence or creation of unsupported areas of metal 
where wrinkles might occur, or the presence of particularly severe 
stretching areas which might be relieved after completion of the prin- 
cipal draw as by piercing out a portion of scrap in a window area to 
permit drawing away from the hole. As it happens, this job was run 
in a regular toggle-drawing press quite similar to that in Fig. 290, except 

that it is equipped also with 
a single-action up-motion re- 
draw press in the base, with 
interlocked clutch control. 
The upper press grips and 
draws the principal shape and 
stops at bottom center to hold 
while the redraw press, which 
has already been started in 
motion, completes the for- 
mation of the depressed areas. 
Both upper and lower actions 
move away together and stop 
with the die space open, ready 
for the next stroke. 

Fig. 293 shows a true tri- 
ple-action combination die for 
blanking, drawing and redraw- 
ing a shell. It is mounted in 
a single-action inclinable press 
equipped with a double-acting 
air cushion. The upper die is 
shaped for cutting, drawing 
and redrawing. The lower die 
includes the usual fixed cutting edge, fixed center plug and a blank- 
holding ring for the first draw carried on the outer cushion. There is 
also an inner ring carried on the inner cushion. This remains stationary 
during the first part of the operation to act as a plug or punch for the 
first draw. Upon completion of this it begins to move down, acting as 
blank-holding ring as the shell is redrawn over the fixed central plug. 
A special mechanical interlock is usually required to support the inner 
ring during the first draw. 

Both the frontispiece, Fig. 1, and Fig. 290 illustrate installations with 
built-in air cushion drawing attachments on double-action toggle 



Fig. 293. — A combination (triple-action) 
blanking drawing and redrawing die in a 
single-action press with double-action Mar- 
quette pneumatic drawing cushion. 
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Fig. 294. — Timing chart for a triple-action press such as that in Fig. 295. 



Fig. 296.— A triple-action press in which the die moves up to the under side of the 

outer blank-holder. 
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presses. Here the cusliions may be used for holding while the outer 
press slide performs the first draw. This slide then dwells to hold while 
the inner slide performs the second draw or redraw. A die for an opera- 
tion of this sort was shown in Fig. 167, page 186. Quite as often the 
cushion is used to hold a contour pad under pressure against the drawing 
punch to maintain a shape or to prevent wrinkling. 

Triple-Action Presses. — Earlier types of triple-action toggle presses 
with three down motions would take a die similar to that shown in Fig. 
293 except in the inverted position. The die is placed upon the fixed 
press bed. A ring blank-holder, operated by a pair of toggle-actuated 
cranks under the bed, is pulled down to hold the blank. A tubular punch 
actuated by the upper toggles descends to make the first draw and then 
to hold the shell while the crank-actuated inner punch is pulled down 
to do the redrawing. 

Fig. 294 shows the timing curve for a somewhat different arrangement 
of triple-action toggle press. A typical machine is shown in Fig. 295. 
A blank-holding ring is mounted on the under side of a fixed member at 
about the center of the press. The die, on a lower slide (dotted curve), 
is moved up against this ring to hold the blank by a combined cam and 
toggle action. An upper slide, which is toggle-actuated, brings down a 
ring punch to make the first draw and to hold the shell while the crank- 
actuated inner punch descends to do the redrawing. These presses have 
found their principal use in the production of double-drawn cooking 
utensils. 

The four-point triple-action press, Fig. 296, is suited to drawing and 
redrawing automobile roofs, side panels and doors, complete with win- 
dow and wheel-house depressions. Here the outer slide descends to 
grip the margins of the blank while the inner slide makes the principal 
draw. Then both slides dwell while the third slide in the bed moves up 
to perform the necessary redrawing or forming of the depressed areas 
and possibly the decorative beads. 

Press Position, — The majority of punch presses stand in an upright 
position with the reciprocating slide and its driving parts vertically above 
the die or tool space. Most of the smaller ones, Fig. 41, are arranged so 
that they may be inclined or tipped back at an angle up to about 35®, 
Fig. 181. 

Whether any press is to be operated in the normal upright position, 
or inclined to a greater or less degree or even mounted actually in the 
horizontal position, is largely a question of the work to be done and the 
quantity of stampings to be produced. Most blanking jobs and many 
drawing operations are so arranged that the product is dropped through 
the die to a box or stacker under the bed of the press. Other operations 
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Fig. 296 .-— a triple-action press in operation in France. Both inside and outside 
slides above, and the up motion redraw slide in the base, are of the four-point type 
with balanced drive at comers for unbalanced loading. 
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in general leave the product on the surface of ttie die whence it may pos- 
sibly be blown off or carried out with the scrap. More often, however, 
if the press is upright, such parts must be lifted out by hand at the ex- 
pense of an extra motion and accompanied b}^ some danger to the oper- 
ator’s fingers. 

When the production demands become large on work of this sort it 
is worth while to incline the press and make use of the force of gravity 



Fig. 297. — A 300-ton high-production unit equipped vvith high-speed feeds, straight- 
ener and scrap shear and inclined 45° to permit discharge of both product and center 
scrap from the surface of a delicate compound die. 

(often aided by an air jet) to discharge the product and possibly to aid 
in feeding it. 

Compotmd Die Work. — When compound dies are used for flat and 
accurate piercing and blanking operations, the center scrap is pushed 
t]^ough the die or permitted to slide off from its surface, and the blank 
is carried up in the punch and discharged toward the end of the up 
stroke by the positive action of a suitable knockout. 

Fig. 297 shows an automatic high-production press making use of the 
inclined position for continuous operation with a full compound die. 
This die is very delicate and expensive, so that ejection must be certain 
to avoid damage to it. Coil stock is straightened and fed across the die 
by high-speed roll feeds. This stock is lifted after each stroke so that 
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the Ct.nter scrap which is left lying on the surface of the die may slide 
and be blown off. The blank itself is lifted in the punch and discharged 
about halfway up on the up stroke by means of a cam-actuated knockout 
to give it more time to fall clear before the next stroke. It is interesting 
to note that other safety features which are provided include electrical 
stopping in case the stock cannot feed properly, stop buttons at many 
points about the machine and provision for stoi)ping both at top center 
and at an emergency point just before the punch reaches the work near 
bottom center. 

Combination Die Work. — When combination blanking and drawing 
dies, or combination dies for blanking, drawing and piercing or stamping, 



Fig. 298. — A high-speed Bliss suction strip feed press inclined 60° for the ejection 
of can ends and the like from compound dies. 


are used, the shell is normally stripped off the plug in the lower die and 
hangs in the draw ring in the punch. As the slide moves up it is stripped 
out positively and permitted to fall back clear of the tools with the pos- 
sible assistance of an air jet. 

Fig. 298 shows a very widely used application of the inclined position 
to combination die work. Automatic suction strip feed presses, fixed at 
an inclination of 60° back from the vertical, blank, draw and stamp 
the tops and bottoms for tin cans from scroll cut strips of tin-plate, and 
drop them back out of the way from the punch. When operating 
speeds reach 200 and 250 SPM, air jets are essential to help get the 
stampings out of the way fast enough. 
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Many cups, caps and deeper shells are' produced in inclined press 
units which are both hand-served and automatically fed. Notable 
among these are screw caps for bottles, etc., which are blanked and 
drawn, usually in multiple in roll feed or strip feed equipments. Often 
in such cases, especially with brass and aluminum, the limitation upon 
the production rate is the speed with which the shells can be discharged 
from the die space. This rate of discharge depends to a considerable 

extent upon the die layout when 
three or four pieces are to be produced 
per stroke. 

Fig. 299 shows, in two ways, the 
scrap layout and grouping of punches 
for blanking and drawing four cups 
per stroke. In the method at A the 
punches are grouped closely together 
so that half blanks at the ends of 
short strips can be avoided by skip 
feeding. There is the distinct dis- 
advantage, however, that shells from 
the two forward punches must be 
blown under the rear punches and on 
out of the way before the punches 
descend. In method By which is 
designed particularly for use with coil 
stock, the shells have only to get 
clear of the punches in which they 
are produced, which is much more 
quickly accomplished. In this method the arrangement can be such 
that the shells are blown back across the uncut strip as shown by the 
ejection arrows, instead of across the scrap where they might become 
entangled. The scrap economy is, of course, the same with either 
method. In method B the tools will always lie on a 30° diagonal with 
the center line. 

Gravity Feeding. — ^Gravity may be, and frequently is, utilized in 
feeding shells or blanks into presses as well as in getting them out of the 
way after the operation. With the press inclined at an angle or actually 
horizontal, the shell or blank is permitted to slide or fall into a nest 
gauge on the die surface. If the operation is redrawing the shell may 
be pushed through the die, or it may be returned to the surface of the 
die and allowed to drop back through an opening in the back of the nest 
wide enough to pass the redrawn shell but not the original shell. In 
piercing operations and the like the blank is usually lifted above the nest 



Method B, ejection Without Interference 



Method A, front Shelbttuir Paso Undrr Rear Punches 

Fig. 299. — Two multiple combination 
(or compound) die arrangements for 
inclined presses, method A for strip 
feeding, method B for faster operation 
with coil stock. 
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surface by the punch and then stripped off to drop back into a 
tote box. 

Fig. 300 shows an otherwise standard press mounted in the horizontal 
position and equipped with a gravity chute feed. This particular unit 
is used for the trimming operation in production lines for Mason jar caps. 
The drawn caps are delivered by elevator and chute to the chute shown 
on the press. Here an escapement separates them so that one shell 
after another drops into place in the nest to be trimmed and pushed out 
through the die and the bed of the machine. Normal production rates 
on such equipments are around 70 to 90 caps per minute. It has been 
noted in some cases at the higher speeds that an air jet is necessary to 
help the shells to drop with suffici<^nt 
speed from the escapement to the 
n(«t on the die. The ring of scrap 
stripped from the punch is disposed 
of by gravity. 

It should be noted that presses 
in both the inclined and horizontal 
positions may be served by double 
roll feeds, dial feeds and magazine 
feeds, as well as by hand and gravity 
feeds. 

Inclined Straight-Sided Presses. 

— The straight-sided type of press 
has been shown to have a very 
marked superiority over C-frame 
types for quantity production work, 300.-A standard press mounted 

in point of die life. Presses mounted horizontally, with gravity chute feed 
in the inclined position favor increased and gravity scrap ejection, 

operating speeds in the large range 

of combination and compound die work, because of the assistance given 
by gravity in feeding blanks and in getting out scrap, as well as blanks, 
and drawn shells. For that reason, where quantities to be produced are 
relatively large and where rigid tolerances are specified, the inclined 
straight-sided press is increasingly popular. 

Features and Accessories. — Fig. 301 shows at the left a press used 
for compound die piercing of motor stator laminations. It illustrates 
very well both the advantages of the type and a number of points which 
should be considered in the construction of such a machine. 

Dies for the production of motor laminations from silicon steel are 
always delicate and fussy. Compound dies have some advantage over 
follow-dies in that the blanks produced are necessarily flat, and since all 
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related holes are punched together there can be no error due to small 
differences in location in the several stations of the follow die. In this 
case a horseshoe nest is provided on the surface of the die. A blank, 
released by the operator or delivered by a magazine feed, slides down a 
short table and into the nest which locates it relative to the die. 

The bolster plate is arranged with lugs or poppets at the back to 
support the die in the inclined position. Other lugs, shown at the front 
of the bolster, keep it from sliding back and provide a convenient adjust- 
ment. 

To get the stamping out of the die nest it is lifted on the punches and 
stripped off toward top stroke by a knockout in the pn^ss slide. Fig. 301 



Fig. 301. — Left: To feed and discharge motor laminations, an eccentric shaft press, 
inclined 45° in a low mounting, and equipped with cam knockout, releasing brake 
and die support bolster. At the right, standard ‘‘high-production” press, with high- 
speed feeds, mounted on inclinable legs. 

illustrates one type of knockout actuated by an adjustable cam which 
may be timed to strip at around midstroke up, instead of top stroke. 
This gives an extra time period for dropping the blank out, equal to a 
quarter cycle, and speeds up the operation proportionately. A similar 
device is used on strip-feed presses for producing can ends. Fig. 298. 

The eccentric-shaft construction, and the built-up frame with tie 
rods shrunk in under an initial tension greater than the maximum press 
rating, both contribute to the rigidity which is so essential to the life of 
fine dies. The releasing brake, which engages only when the treadle is 
released to stop the press, is a regular feature on continuously running 
presses to save wear, heating and power loss. 

. The back edge of the bed is set far down in the legs to keep the press 
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and die low for convenient hand feeding. The support members from 
the legs to the frame at the back are solid rod in this case but may also 
be pipe or cast channel sections. Such supports are used in almost all 
cases where the press is high and the inclination exceeds 30°. Beyond 
60° or 70° the supports are usually replaced by a second pair of legs from 
the crown to the floor. 

Angles of Inclination. — Fig. 301 shows at the right a straight-sided 
press mounted on inclinable legs so that it may be operated vertically 
for push-through jobs, or inclined at any angle up to about 34° for 
blow-off operations performed in combination or compound dies. This 




Fig. 302. — A 72-in. wide double- 
crank press for automotive work, 
weighing 35 tons and inclined 30°. 


Fig. 303. — A four-crank double- 
action press with underneath drive, 
representing the old inverted types. 


is one of the massive “high-production^ ' type presses equipped with 
automatic high-speed feeds for economic quantity production. Owing 
to the weight of the machine, the inclining mechanism takes the form 
of a chain hoist attached to the ceiling beams. 

Fig. 302 illustrates a fixed angle of inclination of 30° back from the 
vertical. The machine, in this case, is an 8-in. shaft press 74 in. be- 
tween housings and weighs around 70,000 lb. It brings forth the fact 
that size is no particular limitation upon the use of the inclined position 
when there is an advantage to be gained by it. 

For smaller, faster presses where the blank must fall clear more 
quickly, a greater angle of inclination will, of course, favor a more rapid 
departure from the path of the punch. Figs. 297 and 301 (left) illus- 
trated the 45° position. Fig. 298 showed a machine inclined 60°. Dis- 
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poeal of both compound die blanks and scrap was the purpose in two 
cases. Covers blanked and drawn in combination dies were cleared by 
gravity in the third case. 

Other units mounted at extreme angles have been provided with 
double roll feeds handling stock from right to left through the housings 
and also from front to back. Many presses, particularly for shell re- 
drawing, are actually mounted in the horizontal position. Figs. 264 
and 204 showed large and small presses so placed. For special assem- 
bling, double end flanging and upsetting operations, two horizontally 
mounted presses have been opposed to each other in a common frame so 
that work could be performed upon each end of the part simultaneously. 

The last arrangement to be discussed might be termed the inverted 
position, as the driving parts are actually beneath the tool space. Pos- 
sibly this design should have been discussed first as it is found in the 
early history of almost every type of press. In early mint equipments 
both the coin blanking and coin embossing presses were of this type. 
For the former use, Fig. 212, the tool was pulled down; in the latter it 
was pushed up. Several early makes of cam drawing presses were driven 
from below. Among the larger machines for banking, forging, stamp- 
ing and drawing jobs, not a few underneath drives have appeared in both 
pull and push types. Most of them have disappeared now, however, 
largely owing to comparative inaccessability of parts for maintenance 
and operation. 

The tremendous forerunner of the wide modern double-crank presses, 
shown in Fig. 303, is a double-action press, for automobile frame side 
rails with a pull down slide and a cam-actuated push up mechanism 
under the bed for blank-holding. The slides are deep and substantial, 
but the open rod construction cannot be made as free from sway and 
stretch as the shrunk tie rod type of frame. Picture the floor line at 
about twice the height of the man to visualize how much of the 
machine is in the pit. 
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AUTOMATIC PRODUCTION 

The harnessing of power to ease human effort more and more, and to 
provide more bountifully the erstwhile luxuries, has taken place in a 
remarkably short time. The relatively few million years of the earth's 
existence, and the very few thou»ai)d years since man began to heat 
and pound metal into useful shai>es, still dwarf the century and a half 
in which present-day nmiiufacturing methods have risen from nothing. 
In that brief time the first crude steam engines were developed to a point 
where power became con( ollable and deliverable at any desired point. 
Building the engines and building the larger pumps and carriages and 
looms which the engines could operate created the need which fathered 
the machine-tool industry. Machine-tool metal-cutting processes made 
possible the economical building of metal-working presses which have 
developed their present tremendous utility in the last century. The 
very brevity of that period assures further great development. 

The present era in pressed-metal engineering is developing a wider 
rise of automatic handling methods and more frequent combinations of 
stamping operations. Both automatic feeding and multiple-operation 
tooling require for success a sound understanding of metal-working 
theory and very careful attention to detail. Any of the typical opera- 
tions can be put together in a suitable sequence to produce most parts 
in more or less finished form at one pass. The capacity of the metal to 
stand the series of operations without intermediate annealing must al- 
ways be checked. Economy of material is also important in choice of 
methods, as metal cost is necessarily a major item in the total cost. 

The economies of automatic feeding of multiple-operation tools are 
principally in space saving, inventory reduction, simplified handling, im- 
proved production and safety. One press takes the place of a number 
of smaller ones, each with space for a tote box of parts to be worked and 
for another box to receive the worked parts. Additional space may be 
needed for storage of a quantity of parts awaiting the next operation. 
These same parts-in-process, waiting their turn from one machine to the 
next, represent a very substantial inventory item and a handling prob- 
lem of some importance. Hand feeding at each press is ill timed, ner- 
vously tiring and quite possibly hazardous. 

319 
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Fig. 304 shows one of the machines of the new era, a 150-ton press 
inclined for the rapid discharge of work from the surface of a compound 
die and equipped with a heavy-duty double roll feed and scrap shear. 
The job is to pierce and blank an absolutely flat ring from ^-in. thick 
hot-rolled steel. The flatness requires the use of compound dies and the 
inclined position. The speed of operation is 60 SPM, which is fast con- 
sidering the cutting edge impact on such heavy gauge. The mechanical 
feeds and automatic discharge of the work make it possible for the oper- 
ator to work 10 or 15 tons of material per day. 

This is just a part of the process which has been changing our home 



Fig. 304. — ^An 800 per cent improvement in man-hour production was wrought by 
this unit in the manufacture of J^-in. thick flat steel rings- 

life and commercial life so rapidly during the last century. The desire, 
which is as old as man, to find easier and quicker ways of doing things, 
is as responsible for the harnessing of the ox to the first crude plow, as 
it is for the steamship, the vacuum cleaner, the oil burner and the con- 
crete mixer. Mechanical means of travel, mechanical housework aids, 
mechanical farming implements, mechanical business machines and 
finally the mechanical equipment for producing all these tilings have 
gradually been improving and becoming more common. They all help 
to make things easier for everyone. Their ultimate result is the higher 
standard of living which this coimtry enjoys and seeks to improve. 

A feed, as in Fig. 305, relieves the operator of any necessity for putting 
his hands in or near the working area while the press is running. It re- 
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lieves him also of that nervous strain which is attendant upon feeding a 
blank into position by hand under a moving punch. Mechanical safety 
guards are some help, but more often than not they interfere with pro- 
duction, and the operator, who is usually on piece rate, may try to dis- 
connect or circumvent them. In feeding mechanically, however, the 
operator is loading the blanks or strips entirely away from the danger 
zone and lost fingers or hands are practically unheard of. 

The strain of hand feeding accounts for another advantage of auto- 
matic feeding which is often overlooked. Mental fatigue makes the 
operator lose frequently as much as 10 or 15 minutes out of every hour. 
The mechanical feed, on the other 
hand, plows along hour after hour, 
catching every stroke of the press. 

Its overall efficiency, aside from tool 
changes, may be 95 or eveji 100 per 
cent, depending upuii the method 
of loading. 

Fig. 306 shows a unit which may 
be run at practically 100 per cent 
efficiency between tool changes. The 
operator acts principally as a guard, 
watching the progress of workthrough 
the multiple-operation press and the 
thread rolling machine which is 
tied in with it. Occasionally he 
refills the hopper or removes finished 
shells. 

The hopper should never be empty, 
and the flow of parts should never 
stop except for mechanical failure or 
tool replacement. 

The part is a lamp socket. In a previous operation a roll feed press 
blanks and draws three shells per stroke, for scrap economy. These 
shells are fed to the hopper and thence automatically through the press 
and thread roller in Fig. 306, for a series of six operations. The opera- 
tions include, for example, redrawing, restriking, piercing, trimming, 
burring and rolling the thread. 

Fig. 307 illustrates another typical automatic unit of the new era, 
and is incidentally one with an interesting record. It is a ^^high- 
production press of 50 to 75 tons rating. Designed for short stroke 
work at speeds up to 250 SPM, it has a notably chunky and compact 
frame, of the straight-sided type, assembled with rods which are shrunk 



Fig. 305. — Starting strips to a gauge 
point with the press running contin-' 
uously at 325 SPM, the operator is 
under no nerve strain as his hands 
are never in danger. 
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Fia. 306. — Approaching 100 per cent efficiency. A practically unbroken stream of 
shells passing automatically through a series of six operations including rolling a 

thread. 


in place under a permanent stress well beyond the maximum rating of 



Fia. 307. — ^A rugged and compact 
high-production press with built-in 
feed rolls and shear ail highly devel- 
oped for convenience of adjustment. 

light gauge copper-coated steel 


the machine. The full eccentric shaft 
is supported up to the pin at the sides 
by internal crown ribs and the main 
bearings. The high-speed double roll 
feed and the scrap cutter are very 
compactly built into the press. The 
necessary adjustments have all been 
developed to a point where they are 
very accessible and convenient. 

This press (Fig. 307), taken from 
a stock lot, has been in operation 
for about two years in an American 
plant of an international corporation. 
In that time it has been operating 
at 225 to 275 SPM, frequently two 
shifts daily, and has not even been 
bolted down to the floor. That point 
speaks volumes for the balance and 
stability of the unit. The operation 
is piercing, forming and blanking 
from the coil and cutting up the scrap. 
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Production records show an average die life of 900,000 to 1,000,000 
punchings per grind, and a total of around twelve million per die. 
Exceptional as these figures seem they are indicative of the results 
being obtained from the new types of machine tool ” press equip- 
ments. 

In a discussion of feeds in 1925, C-frame or inclinable presses were 
stated to outnumber those of the straight-sided type in the ratio of 13 to 
5. Attention was called to the already well-established fact that the 
straight-sided type of press gives for most purposes much better tool life 
than the C-frame type. It is therefore superior for quantity production 
work where mechanical feeds counteract the all-purpose convenience of 
the enframe press. A growing realisation of this advantage, and the 
development of new types and arrangements of feeds for straight-sided 
presses of various sorts, hav^e resulted in more or less reversing the 
ratio, as indicated oy illustrations in this chapter. 

Speed of operation in automatic equipment may be determined by 
any one of three limiting factors, i.e., (1) the maximum speed of the 
presses available, (2) the fastest feeding speed possible within limits of 
accuracy which permit successful piloting, and (3) the greatest contact 
velocity of fine punches, cutting edges and drawing surfaces consistent 
with reasonable tool life. Many structural details necessarily enter for 
consideration in each case. 

(1) Press Speed. — Mechanical limitations upon the speed of the 
press may develop in the stroke, the clutch or the drive. The lineal 
velocity of the crankpin, which is the same as the velocity of the slide 
at midstroke, is usually between 25 and 100 ft. per min. Special cases 
of crankpin velocities up to about 200 ft. per min. have usually involved 
special press constructions with decreased weight (inertia) of recipro- 
cating parts, increased mass of fixed parts and generally improved bal- 
ance and stability. Many such presses are shown, including particu- 
larly those of the '' high-production type. 

Geared-drive presses are naturally not so fast as those which have 
direct drive to a flywheel on the crankshaft. Back shaft speeds are 
normally 350 and 400 RPM and occasionally up to 1000 RPM — a speed 
which has been made possible largely by the use of Timken bearings and 
the like. In such cases care must necessarily be taken in balancing the 
flywheel as a serious lack of balance would set up a pound on the bear- 
ings. Gray-iron flywheels are regularly limited to a peripheral velocity 
of about 5000 ft. per min. on account of centrifugal strains. 

Positive clutches are commonly used on most of the smaller and 
faster presses. Friction clutches are desirable, especially for die-setting 
purposes on larger presses, which are too heavy to turn over by hand. 
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They require a fairly high ratio of gearing to keep them down to an eco- 
nomical size and still maintain an ample driving surface for safe friction 
loads, long life and smooth operation. 

Fig. 308 illustrates the rolling key clutch, one of the positive type 
which has been particularly successful for high-speed operation. The 
reasons for this are again traceable to questions of impact, inertia and 
balance. Engaging velocities are much lower than in the case of pin and 



Fig. 308. — The Bliss rolling key clutch, a positive type which is so constructed that 
the smaller sizes are used up to speeds of 300 and 400 SPM. 

jaw type clutches because the engaging surfaces are very much closer to 
the center line of the shaft. There is no wearing side twist to the wheel 
upon engagement as the driving members are exactly balanced with 
reference to the central plane of the wheel and between its bearing rings. 
Engaging surfaces are necessarily made of tough alloy steels hardened 
and drawn back. In disengagement, the inertia of the fast-moving shaft 
and connections makes it desirable to provide for considerable override 
of the latch on the dwell surface of the clutch hook while a large releasing 
brake is absorbing the excess energy and bringing the parts to rest. 

(2) Feeding Speed. — Roll feeds are a relatively fast type of feeding 
mechanism, but even so wide differences in results are obtained, accord- 
ing to the design of the particular unit. A convenient means of compar- 
ing feeding speeds is to multiply the feed length required, in inches, by 
the number of feeding strokes per minute. Thus the older types of 
stock roll feeds for C-frame presses might be expected to feed within 
close limits up to about 400 in. per min. and to feed within limits easily 
corrected by piloting up to 600 in. per min. The high-speed feeds used 
on the high-production ” line and incorporating many refinements will 
handle about 700 to 1200 in. per min. of nominal feeding speed. A 
special patented roll feed for extremely high feeding speeds, especially in 
the production of automobile radiator fins, is shown in Fig. 309. It will 
feed accurately at 2000 in. per min. or more. 
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These nominal feeding speeds are only about a third to a quarter of 
the actual peak speeds reached at the middle of the feed stroke. Feeding 
speeds depend principally upon the inertia of the moving parts, the 
efficiency of the means for absorbing this inertia during deceleration 
and the elimination of lost motion 
in the drive train. Many details of 
feed, die and reel construction may 
also affect the results to some extent. 

Where heavy coils are used it is 
often vital to drive the reel to avoid 
inertia jerks in starting the coil in 
motion, wliich are likely to cause a 
misfeed. 

(3) Punching Speed, — Fig. 310 

shows a collection of pierced and 
blanked ports produce<l a;' relatively 
higli sjx^eds in automatic ecjuipments. 

In almost every case ilie limitation 
upon further increasing the sj^eed 
was the impact upon the cutting 
edges, especially of delicate punches. 

Only in the case of the 0.010-in. 
steel part in the upper center could 
the tools have stood a speed higher than the upper limit of the 
press speed. 

The prediction in advance of maximum cutting speeds is an inter- 
esting problem which will bear further investigation. The variable fac- 
tors obviously include the material 
used in the tools, the resistance of 
the material to be cut, the velocity 
of the punch just as it strikes the 
work, the rigidity and alignment of 
the press, delicacy of the punch and 
provisions made for lubricating and 
cooling it. 

An effort has been made to com- 
bine the more tangible of these factors 
into chart form, Fig. 311. Here we 
have combined the distance above bottom stroke that the punch strikes 
the metal, the press stroke and speed to give the speed of the punch 
at the instant of contact and then multiplied this by the metal thick- 
ness and its shearing strength to give the resistance which the punch 



Fig. 310. — ^Parts jiierced and blanked 
at high speeds. Cutting edge impact 
on fine punches precluded further 
advances in speed. 



Fig. 309. — Accurate feeding at speeds 
around 2400 in. j)er min. is the feature 
of this patented feed for radiator fin.s 
and the like. 
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meets per inch of cutting edge, as a unit length. The result is a factor 
for the blow on the cutting edge which should be fairly constant 
under common press and tool conditions. 

To check up the results, data were collected, Table XXIII, upon a 
fairly representative group of production operations. These were se- 
lected as quantity jobs being run in first-class tools which had been 
speeded up about as fast as seemed to be consistent with satisfactory 
tool life. In the table several samples of silicon steel have been sep- 
arated from the rest of the group as tlie material is notably hard on tools. 
At the other extreme are a group of very heavy gauge, relatively slow- 
moving jobs. For the remainder it seems significant that the five vari- 
able factors shown on the chart, with a considerable range of values in 
each case, can be united with relatively so little spread in the results. 
It will be remembered also that delicacy of tools and judgment in the 
matter of limiting speeds enter into these figures. 

On the chart. Fig. 311, an example has been indicated with dotted 
lines to show the method of reading it. First pick out the working 
stroke or the distance up from bottom stroke that the punch strikes the 
metal. Tliis includes the metal thickness plus the distance the punch 
will enter the die. In the case of combination dies the punch passes 
the cutting edge by the full depth of draw or even more if there is no 
flange. From the proper value on the lower left scale travel horizontally 
to the curve for the desired stroke; then vertically to the correct speed 
line; then horizontally right across the contact velocity scale to the 
metal thickness line; then down vertically to the shearing strength of 
the metal in question and then horizontally to the right to obtain the 
value for the blow on the cutting edge. 

If it is desired to determine a proper speed limit for a new job, a 
value for the blow may be selected with the aid of Table XXIII or other 
data on file and the process worked back from both ends to the inter- 
section of the vertical and horizontal dotted lines at the proper speed 
value. 

A formula to arrive more accurately at values read approximately 
from the chart may be written either 

jB = 7rXdsinaX^X5X SPM/12 (39) 

or B = 0.5233 XtXSX SPM X Vdy - (40) 

in which B = blow on cutting edges in pound-feet per minute per inch; 

d = press stroke in inches; 

d *= angle up from bottom stroke at which punch strikes; 
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i — metal thickness in inches; 

S = shearing resistance of metal in pounds per square inch ; 
SPM = strokes x)er minute of slide (continuous rating) ; 

y = distance up from bottom stroke at which the punch 
strikes the metal. 

TABLE XXIII 
BLOW ON CUTTING EDGES 


Work 

Metal 

Thickness, 

in^h 

Stroke, 

inches 

Speed, 

SPM 

Blow 

ft. -lb. /min. 

Motor lamination 

Silicon steel 

0.018 

i L5 

225 

30,000 

Transformer <«minatioo 


on 

1.5 

240 

30,000 

Notchinf^, rotors 

H ({ 

.014 

0.75 

GOO 

25,000 

Extrusion blanks 

Zinc 

.135 

1.5 

70 

50,000 

Grill perforating 

C.K. stet'I 

.003 

2. 

75 

50,000 

Chain links 

Steel 

.034 

: 1. 

330 

65,000 

Sewing machine 

C.R. steel 

.000 

1.5 

125 

70,000 

Can ends 

Tin-plate 

.015 

3. 

200 

65,000 

Washers (example) l 

Steel (skelp) 

.10 

' 1.5 

100 

115,000 

Extrusion blanks 

Aluminum 

.125 

1.5 

250 

80,000 

Switch parts 

O.II. steel 

.125 

1.5 

125 

155,000 

H <( 

Copper 

.125 

1 1.5 

j 200 

150,000 

Key blanks 

Hard brass 

.081 

2 

100 

81,000 

Door latch 

O.H. steel 

.078 

2.5 

165 

105,000 

Ball race 

H.R. steel 

.375 

2. 

60 

420,000 

Coal screen 

O.H. steel 

.250 

2.5 

45 

246,000 

Drum blank 

1 

O.H. steel 

.312 

4. 

15 

167,000 


Drawing Speed. — The determination of press speed as limited by 
the tendency of the dies to pick-up or load in drawing is discussed in 
Chapter IX, page 193, and also in connection with Charts XII and 
XIII in the Appendix. 

FoUow-Dies. — A part of the impetus to the new era of automatic 
feeding is attributable to an increasing familiarity on the part of the 
trade with the principles and details of follow-die construction. Gen- 
erally speaking, a follow-die is a combination in a single holder of a 
number of operating stations for the performance of a series of operations 
in the production of the desired piece. In such a die the piece is usually 





Fia. 311. — Chart for comparison of the blow on the cutting edges of punches and dies. 
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kept attached to the skeleton scrap or to the next piece until it is com- 
pleted and sheared or blanked out. 

The fact that a number of operations are combined in a single tool 
instead of being performed in separate presses obviously results in con- 
siderable savings in handling charges, storage space and work-in-process 
inventory. Similar advantages accrue in the use of multiple-slide 
transfer-feed presses for performing a series of operations upon parts 
which cannot be kept tied together or to the scrap while in process. A 
small machine of this type was shown in Fig. 175; others will be shown 
later. The economies which result from combining several operations 
in a follow die or a series of dies in an automatic press should not be 



Fig. 312. — At the top, a 2-in. diameter, roller bearing end-ring pierced, blanked and 
pushed back, flattened and pushed out at about 225 SPM. Center: A bumper clip; 
pierced; blanked coined and pushed back; (idle); drawn and ejected. Such a blank 
might also be carried on top of the scrap. Bottum: Two angle brackets produced 
per stroke without any scrap margin, in a single roll feed “high-production” press. 


permitted to obscure other savings possible in single or multiple dies 
for blanking, compound piercing and blanking or combination blanking 
and drawing in suitably arranged automatic presses, such as the com- 
pound die unit, Fig. 304. 

Operations of the shearing group which may be and are performed 
automatically include a very wide variety. There are, of course, many 
plain blanking jobs and piercing and blanking operations either single 
or multiple. Many others include also some bending, forming or draw- 
ing operations. 

In general the best rate of production is to be obtained by the use of 
roll feeds and follow-dies, keeping the part attached to the scrap in one 
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way or another until it is finished and pushed through the die or posi- 
tively ejected from its surface. There are a number of interesting 
methods of accomplishing this. For various reasons it may be necessary 
to pierce out between blanks, leaving only a skeleton of scrap to carry 
the work, or to slit around the work, leaving it attached at only one or 
two points, or to cut out the blank and push it back into the scrap for 
transportation across subsequent stations. These and other “ stunts 
in the design of cutting tools often make it possible to develop rather 

simple tools to produce in finished form 
quite complicated stampings without a 
second handling of the material. 

Blank and Push Back. — Figs. 312 
and 314 show interesting jobs in which 
the blank is sheared out completely and 
then forced back into the strip but with 
different purjxjses in view. In each 
case coil stock is handled in high- 
production presses equipped with 
high-speed roll feeds, Fig. 249. 

Fig. 312 (top) shows the operations 
in the production of an end-ring for a 
roller bearing. It is specified that this 
ring must be practically flat. A com- 
pound piercing and blanking die to pro- 
duce the part complete at one station 
would give the desired result. But such 
a die would be weak and would have to 
be run in the inclined position with 
gravity discharge from the punch sur- 
face which would slow down the operat- 
ing speed to, say, 100 or 125 SPM. An 
ordinary follow-die to pierce and blank 
the part out through the die would be the natural solution for speed. 
In such a case, however, the blank would be seriously dished or 
bowed as suggested at the second station in Fig. 313. The amount of 
bow is greater for softer material, for more clearance between punch and 
die and for greater diameter of the pierced hole in the center of the blank. 
The bowing is in effect a bending of the relatively free inner edge during 
the plastic working period before the fractures start in shearing. 

For that reason the method shown at the top in Fig. 312, and again 
in section in Fig. 313, was selected. The operations are: (1) pierce all 
holes, having the small punches stepped about one-third of metal thick- 



1. Pierce (As the factures start) 



4. Push Out and Discharge 

Fig. 313. — Diagrammatic sketches 
of sections referring io Fig. 312 
to illustrate conditions at the 
sheared edge in push-back opera- 
tions. Thickness exaggerated for 
illustration. 
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ness shorter than the center punch to avoid spreading strains; (2) blank 
the part, preferably without pushing it quite out of the scrap, and then, 
as the punch recedes, force it back into the scrap by means of stiff 
springs under the die and above the stripper; (3) drive back, stretching 
the scrap to get room, and flatten the blank between plain surfaces; 
(4) push the flattened blank out through the die, there being relatively 
little edge friction to overcome. The scrap is then fed on through the 
outgoing rolls and sheared up in the scrap cutter. 

In the center in Fig. 312 is shown a series of operations in the pro- 
duction of a bumper clip of quite heavy gauge steel from the coil. It 
will be noted that the operations ari^ (1) to pierce the center hole and 
pilot notches, (2 ) stamp the countersink around the center, blank down 
and push back under spring pressure, ^3) idle or possibly strike back 
even tighter, (4) dravr and strike, return to the surface of the die and 
discharge. The operate n is performed in a high-production auto- 
matic press mounted in inclined position as at the right in Fig. 301. 

The drawn sides of the part are quite low in spots, which makes a 
good drawing job difficult, and the bottom of the shell has a gradual 
curvature in two directions so that the above procedure (bottoming in 
the drawing die and discharge from the surface) may have been essential. 
An alternative which should be considered, however, would be: (1) to 
pierce as before, (2) stamp the countersink and shallow surface curva- 
ture, (3) blank and push back, (4) idle, (5) draw and push through. 
This would mean raising the strip a little during feeding but would 
eliminate the inclined feature and also the gravity or air discharge of 
the piece from the surface of the die. 

As illustrated at the push back station (2) in Fig. 313, the largest 
diameter of the blank is greater than the smallest diameter of the hole 
it comes from, by the clearance or difference in diameter of the punch 
and die, or even a little more than that owing to the spring back of the 
burnished surface metal after strains have been relieved by the fracture. 
Therefore a blank cannot be pushed back flush as at (3) in Fig. 313, or 
pushed back through the hole without stretching the surrounding scrap. 
Experience seems to have shown that, in order to make it easier to push 
back flush and thereby reduce the chance of dropping a blank in transit, 
it is desirable to keep the surrounding scrap thin as in the fiirst two 
cases in Fig. 312, so that it can be stretched fairly easily. 

It may be noted that if these jobs had been in thinner metal it might 
have been desirable to shear the blank up instead of down, so that it 
would rest on top of the scrap in transit instead of being carried by edge 
friction in the under surface. This practice should not interfere with 
drawing a blank down through the die. 
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It is naturally easier to keep a blank in the scrap if it is fairly thick 
compared to its diameter and if it has irregular notches and tongues to 
lock into the scrap. Below 0.020 or 0.030 in. thickness it is rather 
difficult to keep even a small irregular blank in the scrap. 

The use of an odd shape to lock a part in the scrap is shown at the 
bottom in Fig. 312. The piece is a 16 gauge steel, hinge bracket with 
raised points for spot welding. Originally the sides of the prong were 
parallel, which was changed by increasing the end diameter by K4 in. 
and decreasing the neck width by 3^4 in. This gave enough of a lock- 
ing effect so that the piece would not work out to the side when 
blanked and pushed back. 

The strip in the illustration is shown upside down, the base of one 
bracket and the prong of the other being bent down into the die. As 
these meet with no obstruction in traveling in the direction of feeding 
it is unnecessary to lift the strip. Coil stock is moved by single roll 
feed across the die to a stop at the end. The operations, as shown. 



Fig. 314. — A fussy follow-die job in which two light gauge spring brass parts are 
pierced, blanked and returned, bent and finally pushed out. 

are: (1) pierce both center holes and stamp indents for one bracket, 
(2) pilot, (3) blank one bracket and push it back into the strip, (4) 
strike back flush, (5) bend one bracket, (6) push out and drop through, 
(7) indent the other bracket, (8) bend the other bracket, (9) shear off 
the other bracket and drop through. With brackets of this sort which 
may interfere with feeding if they do not drop clear sufficiently quickly, 
it is often desirable to furnish spring-backed ejector pins in the face of 
the knockout punches. 

Owing to spreading strains in the stock during blanking, it is natural 
for a strip which is being notched on one side to twist or bow toward 
the other side. Such an effect in Fig. 312 naturally tends to cause an 
error in location of the bend in the eighth station. To keep the strip 
straight a punch was arranged to coin a slight groove near the long 
edge of the strip opposite the blanking station, with the purpose of 
stretching the metal there enough to compensate for the stretch due to 
blanking. 

Fig. 314 shows a blank and push-back job with a number of interest- 
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ing features. This job presented serious problems in its solution, prin- 
cipally because of the difficulty of holding two delicate parts in 0.015-in. 
spring temper brass through a number of stations. The layout was 
selected as being the most economical of material and producing a part 
free from corners or slivers such as might be produced by slitting around 
• the tab which had to be bent and then trying to match cuts at the 
blanking station. The working operations were : pierce, pilot, blank and 
return to the scrap, bend the tabs (down), push out, feed on through a 
second pair of feed rolls and cut up the scrap. A number of idle stations 
were put in where necessary between the working stations to give strong 
die steels. 

The number of blanks pushed back caused considerable warp in the 
strip for a distance of about 8 in. Hardened stops or distance blocks 
were furnished to prevent the punches from entering too far so that the 
blanks might not leture. i>roperly to the strip. The spring stripper 
capacity exceeds 1000 lb. Both tabs are bent down. On one side the 
tab feeds away from the bending die steel through a groove in die which 
is cleared through to tho knockout station. On the other side the bend- 
ing die steel is made a part of a slide which is moved in and out by a 
wedge cam motion in the tool to permit the tab to feed past without the 
need of lifting the strip. 

Note in Figs. 312 and 314 that care must be taken in starting each 
new coil not to leave part blanks lying on the die to catch or mark up 
the succeeding production. A patented starting mechanism provided 
on high-production presses includes a treadle shown at the right in 
Fig. 317, a cam on the press shaft to control the time at which the feed 
starts and means of gauging the location of the end of the strip. With 
this device, the operation at the top in Fig. 312 can be started so that 
the end of the coil will coincide with the scrap margin between blanks 
in order that the first blank may be a full blank with scrap all around 
it to keep it from falling out. A job of this sort might even be run con- 
tinuously with strip stock if the scrap margin were increased a little and 
the length of strips were controlled closely to a whole multiple of the 
feed length. 

Inspection of the scrap end of Fig. 314, however, indicates that there 
will be a number of small loose pieces left by the blanking operation 
which do not have scrap all around them and are therefore likely to fall 
out and lie in the die. This is prevented in starting practice by snipping 
the end of the coil at an angle so that there will be only two loose pieces 
to remove; running the press three strokes; removing the strip; knock- 
ing out the loose pieces by hand; and restarting the strip. As a matter 
of fact, in this particular case, the strip was removed again after three 
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more strokes and the first few whole blanks were knocked out to insure 
a good grip when blanks reached the bending station. This sounds 
complicated, but owing to convenience of the starting mechanism only 
two minutes was required for loading a new coil on the reel, trimming 
and starting it. A 24,000 blank coil runs for 40 minutes before the next 
change. And if the metal is heavier the starting procedure is simpler 
even though the blanks may be interlocked for scrap economy. 

Piercing and Slitting. — In discussing piercing and shearing opera- 
tions, particularly with reference to follow-dies and automatic opera- 
tion, it has been pointed out that the best production is usually obtained 
by carrying the part in the strip to retain positive control of it until 
completed. One of the methods mentioned for freeing the blanks for 
subsequent operations in such a series was piercing or slitting around 
parts of the blank, leaving it attached at other points. 

The principal problem in most such cases is the matching up of cuts 
to give a smooth outline and to avoid slivers and bad corners of various 
sorts. When one cut made in one operation is to join an edge or opening 
produced in a previous station it must be remembered that the metal 
may stretch by different amounts in the same operation, the width of 
commercial strip stock is subject to variation and pilots may not and 
usually do not fit closer than 0.001 or 0.002 in. All these factors will 
contribute to possible misalignment of matched cuts, resulting in steps, 
notches or slivers. Such troubles can be avoided or minimized, however, 
by proper design of parts and operations. 

Figs. 315, 316 and 317 show an interesting job into which the match- 
ing of cuts enters at two stations. The part is a hard brass spring 
member formed with curvature in both directions and has tabs at each 
end which must be capable of a right-angle bend and back, repeated two 
or three times. When laid out for quantity production it was originally 
planned to feed the part in the short direction in order to get a maximum 
feed speed and use wide stock. This brought the bend across the tab 
parallel to the grain of the metal. Spring temper stock, eight numbers 
hard was required for the strength of the part, but such material would 
not stand the necessary bend test with the grain as was discussed on 
page 86. 

Accordingly the layout had to be changed to feed the long way of 
the part in order to bring the tab bend across the grain of the stock. 
The sequence shown in Fig. 315, in which two parts are produced per 
stroke, was selected in order to obtain the production originally 
planned and yet slow down the press speed to get a reasonable feeding 
speed for so small a pilot. That is, the original plan called for about 
a ^-in. advance at 400 SPM or a nominal feeding speed of only 200 in. 
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per min,, whereas in the revised scheme with nearly a 3-in. feed at 
about 250 SPM the nominal speed of feeding was 750 in. per min. and 
the production was about 500 pieces per minute. 

For economy of material the layout was planned practically without 
scrap except for necessary piercings and the small loss between blanks 




^JQ. 316. — Details from Fig. 315, 
sliotving at A the run-out of the slit- 
ting cut to avoid slivers and at B the 
parting cut overlapping the pierced 
holes to avoid corners or steps. 



Fig. 315. — The sequence Fig. 317. — ‘^High-production” press 

of operations in producing and die used to complete about 500 

two springs per stroke clip springs (250 strokes) per minute; 

from spring temper coil Fig. 315. 

brass. 


in parting of the completed springs. As this leaves no scrap to pull 
by, all feeding must be done by the pushing across the die with a single 
roll feed (Fig. 317). T his brings forth another advantage in the ar- 
rangement shown in Figs. 315 and 316, as the bar of scrap tying the two 
production lines together makes the strip quite stiff. 
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The sequence of operations was: pierce openings to outline the 
ends of the blanks; idle; slit the two blanks apart, letting the cut run 
out into the pierced openings at each end; form the two parts com- 
plete; idle; part out the scrap bar freeing the two finished parts, all 
as shown in Fig. 315. 

Note at A in Fig. 316 that, if the two radii (r) had been brought 
together to a practically sharp point, the punch would have been diffi- 
cult to maintain, and it would have been practically impossible to keep 
the slitting cut from running out a little one side or the other of the 
point leaving a very sharp and dangerous barb or sliver. Accordingly 
a very narrow step or flat was permitted to give some leeway for the 
runout and a corresponding notch was inserted at the outer edge for 
symmetry. 

Note at B in Fig. 316 that the corner X of the parting punch is ar- 
ranged to overlap the corner Y left by the piercing punch by enough 
so that a small mislocation will not be noticeable or leave any notch. 



Fig. 318. — At the left, overlapping piercing cuts free the part for forming, after 
which it is blanked through the die. Cuts must be matched at six points. At the 
right, light spring steel part having tabs bent with the grain. Pierced slots free 

tabs and protect corners. 

Fig. 318, left, shows the steps in the production of a 0.014-in. spring 
steel part from coil stock. In the first step two large and two small 
round holes are pierced. Next to them are two irregular piercings which 
outline half of the profile of each of two adjacent blanks, except for a 
band of scrap which is left to tie the blanks together. These outline 
piercing cuts overlap progressively and have rounded corners in order 
not to leave sharp steps in the part where the cuts meet. 

In the third step the part is struck in a hit-home die to make the 
three bends in the ends which are now free. This blow is repeated in 
the fourth step to make certain of the angle. The strip is shown upside 
down in the photograph as the large end of the part is bent down into 
the die. In the fifth position the finished part is blanked down through 
the die, leaving the small scrap bridge piece lying on top of the die, or 
rather sliding off in the direction of feed. 
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The bands of scrap at each side were left to permit double roll feed- 
ing, pulling as well as pushing. It seems debatable on this job, however, 
whether it would not have been better to use 11 per cent narrower stock, 
saving that much material. In that case the outline piercing punches 
would become notching punches, with comparatively little change to 
the tool except to provide heels to take the offside shearing thrust on 
these punches, and to move in the side guides. Spring stock is reason- 
ably stiff, but a little greater care might be necessary in the arrangement 
of guides to prevent any possibility of buckhng between the feed rolls 
and the die. 

Certain troubles were experienced in getting the die into production, 
but it was finally run at 400 SPJvI in a No. 630 high-production 
prer,s. There was some tendency for odd-shaped pierced scrap to suck 
back with oil on the punch surfaces and work over into the stamping 
station to blemish the subsecpient product. This w^as overcome by 
shearing the punclieh siilficiently to 
break the oil film. 

The coils were wound on about 
20-in. inside diameter which was ample 
for feeding without straightening. In- 
experienced handling resulted in some 
of them being dropped and kinked 
eggshaped or elliptical. When fairly 
sharp kinks came into the die they 
would throw the free end of the strip 
either up or down so that on the next feed there might be a jam due to 
catching either in the punch or die openings. This was overcome by 
care in handling the stock but might equally well have been prevented 
by substituting a close fixed stripper for a portion of the spring stripper. 

It is the writer^s feeling that these little difficulties are of interest in 
view of the increasing use of follow-dies and fast automatic presses. To 
feed properly, stock and parts must move freely, locate properly; strip 
positively and drop freely at every step. That sounds elementary, but 
such difficulties as are experienced in tuning up dies for such work 
almost invariably trace back to an oversight on some simple point. 

Slitting and Bending Tabs. — Figs. 318 and 319 illustrate a number 
of interesting points in the design and production of tabs for various 
purposes. The operations may be one, two or three as desired. To slit 
and bend a tab in one operation, the bending radius must be restoned 
every time the slitting punch is reground, and there is likely to be side 
thrust due to bending which may bother the cutting edges. Consider- 
able shear on the slitting punch should be avoided as it tends to put a 
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Fig. 319. — Several methods of pro- 
ducing tabs or lugs, the relative 
merits of which are discussed in 
the text. 
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curl or twist in the tab which is difficult to remove. In follow-dies, if 
there is ample room it is usually best to pierce the pilot hole, if required, 
then slit around the tab in a second stage and finally bend in a third. 

At A in Fig. 319 is shown the commonest design of tab. It is also 
the most subject to fatigue failure under severe strain. The straight 
cut runouts will often end with minute fractures starting in toward each 
other and offering a fine starting point for failure. Maximum stress is 
concentrated right along bend as the bending moment is greatest there 
and the thickness has been reduced by bending. The tab shown at B 
is relatively stronger in that the slitting runouts are directed outward 
and the width of metal under stress has been increased at the base 
compared with that in the body. 

This principle was made use of, for a tab which had to be bent in 
air,'^ that is, using a bending punch only without the benefit of a sup- 
porting die underneath to govern the bending radius. When the design 
followed sketch A in Fig. 319 the bend was a sharp break and the corners 
were a distinct source of weakness. In redesigning, the body of the tab 
was actually reduced in width without damage. At the base the slitting 
cuts diverged at a 60° spread, so increasing the strength in proportion 
to the bending moment that the part bent naturally and freely to about 
a He-iii- inside radius. 

Sketches C, D and B illustrate the use of pierced holes or slots to 
make the corners of the bend more nearly fracture proof. In the first 
case simple round holes are used which unquestionably improve the 
strength of the bend but leave corners which may catch and prove 
objectionable. In the second case (D) the holes take the form of 
rectangles with three well-rounded corners. The fourth or sharp corner 
forms the runout for the slitting cut and leaves a barely noticeable step 
a few thousandths of an inch deep in each side of the tab. 

At E is indicated a method similar to that shown in Fig. 318. Here 
a slot is pierced out all around the tab, insuring a good strong corner and 
avoiding the imdercuts and corners of the other methods. The slot 
piercing punch is, of course, somewhat fragile. The width of slot should 
not be less than twice the metal thickness for most purposes. 

It should be noted once more that, when metal is cold-rolled to the 
harder tempers, a tab bent across the “ grain or direction of rolling 
{A, Bj Dj Ein Fig. 319) is much stronger and less likely to fracture than 
one having the axis of its bend with the grain as in Fig. 318 and at C 
in Fig. 319. The hardest practical rolled temper is, of course, desirable 
to give maximum stiffness and lightest gauge. A reasonable inside 
comer radius aids in avoiding fractures around the outer surface of the 
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bend. To get a full 90° bend provision must be made in most cases for 
some overbend to compensate for spring back of the metal. 

Forming While Blanking. — Modern follow-dies offer means of com- 
pleting more or less complicated parts from the coil in a single handling. 
Combinations of operations in such tools, which often bring together 
delicate cutting edges and unbalanced forming loads, have been made 
practical by the development of rugged “ high-production ” automatic 
presses. A device not commonly known but sometimes essential to 
complete a part at one handling is the combination of a forming opera- 
tion into the final blanking stage by suitable grinding to shape of the 
cutting edges. 

Forming to the shape of a blanking punch or die takes advantage of 
the high internal stresses created in the metal during shearing. It is 
nacuraily easiest to make a soft or annealed metal follow the shape of 
the punch. Metals which have been cold-rolled to hard or spring tem- 
pers will deflect to suit the tool, then spring back more or less toward 
their original condition. In such cases it becomes necessary to over- 
bend, or to strike solidly at bottom stroke to set the metal. Striking 
bottom is usually out of the question in such dies, however, as the die 
is ordinarily open all the way tlirough for discharge of the part. 

An excellent example of this class of work is shown at the upper left 
corner in Fig. 320. The part is a camera spring finished complete from 
an extra-hard-ternper brass in a follow-die. In order to avoid a com- 
plicated and frail punch in piercing around the ends of the part, the 
operation is divided into two steps, first piercing a plain slot at each end, 
and then piercing two adjoining slots at each end to match up with it. 
Two pilot holes are pierced in what is to become the scrap, also two 
crescent slots to outline a central pad. After an idle station the free 
ends of the blank are stamped to shape. Another idle station is allowed 
to permit the use of substantial shearing steels, and then the part is 
sheared out of the strip and pushed through the die to be discharged. 
In the course of this shearing out it is formed to the curved shape shown 
by the profile of the shearing punch. The punch is simple in section so 
that radius grinding of the profile in a suitable fixture becomes an easy 
matter. The radius on the punch is considerably less than that finally 
required on the part owing to the springiness of the metal. The dimen- 
sional tolerance on the arc for this piece need not be particularly close. 

Aigain in Fig. 320, at the left center, the metal is made to follow the 
shape of the punch, but this time it is soft-temper (annealed) aluminum 
and does not spring away. A multiple progressive die first pierces and 
then forms and blanks 8 cupped washers per stroke at about 275 strokes 
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per minute. The blanking and forming operation is shown in section 
at A in Fig. 321. In some cases the centers of the blanks are not pierced 
out so that the only operation is the blanking and forming. 

Fig. 320, upper right, shows the operations in the production of a 
special clevis. The point of particular interest is the combination of 
forming the two countersunk bevels while piercing the two hexagonal 



Fig. 320. — ^Upper left, follow-die operations in the production of a light gauge hard 
brass spring. The final curvature is formed by the punch in shearing out. Left 
center, heavy gauge aluminum cupped to shape as it is blanked. See also Fig. 321 A . 
At the upper right, in making a special steel clevis, hex holes are countersunk while 
being pierced. Lower left, conduit box parts in which the knockouts were slit with 
tapered punches to open up the holes for pushing the knockouts back flat. See 
also Fig. 321 E. Lower right, a combination die for slitting and forming louvres 
while stamping or forming a cover plate. Fig. 321 0, 


holes. Straight hexagonal punches are used, ground flat for their 
cutting edges. The die is probably best made with two bushings having 
hexagonal openings and arranged as suggested at B in Fig. 321 so that 
they may be removed easily through the die shoe to be mounted in a 
revolving chuck for regrinding the bevel. In such a case the notching 
operation should be moved one station away to give space for the bush- 
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ings. The sequence of operations to complete the part is: pierce the 
center hole and two countersunk hex holes, notch, idle, form the spot- 
welding indents, idle, slit, flatten back, idle, shear off and bend. 

At C in Fig. 321 is shown an operation having points in common with 
both those just described as both the punch and the die are formed. The 
object is to force most of the metal, which would normally be scrap from 
the hole, out into the wall of a flange or hub and then pinch off the small 
amount of scrap remaining. The method has been quite highly devel- 
oped in the hot forging of the eye and the flange around it for pickaxes, 
hammers, and the like. It is also applicable to cold operations, espe- 
cially in the softer metals. 

At D in Fig. 321 is a compound 
piercing and blanldng die arranged 
for producing the formed washer 
shown. Both punch and die are 
ground flat for cutting it the usual 
manner, and a thin removable plate 
is attached to the face of the lower 
die to take care of the forming. The 
formed piece is carried up in the 
punch to be stripped out near top 
stroke and discharged to the back of 
the press. 

Fig. 320, lower left, shows a por- 
tion of an electrical conduit box prior 
to final bending operations. It is 
produced in the flat in a follow-die 
run in a “ high-production press: 

(1) pierce small holes, (2) slit knock- 
out tabs and expand holes, (3) flatten back the knockout tabs, (4) blank. 
These operations may be separated if necessary for die strength. The 
interesting station is that in which the knockout tabs are slit, leaving 
them attached or tied at one point. The tie is left because of a slot milled 
down one side of the round piercing or slitting punches. These punches 
are tapered from the cutting edge up as shown at E in Fig. 321 in order 
to expand the surrounding metal so that the tab can be pushed back 
flush, and knocked out again at a later date with comparative ease. 
This would not be possible with ordinary piercing punches (as illustrated 
at F) since the slug and hole have different diameters controlled by the 
tool clearance. Care must be taken in designing tools with tapered 
punches (E), especially if they are to be used in springy or worn presses. 
Stops or contact blocks in the tools are usually required to prevent the 



Fig. 321. — Several methods of form- 
ing while blanking or piercing, shown 
diagrammatically. 
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tapered punches from overtraveling and damaging the lower cutting 
edges. 

One last example of combined cutting and forming is the production 
of ventilating louvres as illustrated by the small cover plate at G in 
Fig. 321 and in Figs. 320 and 322. Two steels set into the die shear and 
draw or form the metal into the louvres (Fig. 321 G). The blanks re- 
quired are cut from scrap in a separate operation. They are then 
stacked in the magazine feed of the inclined “ high-production press 
shown in Fig. 322 and fed automatically into the die (Fig. 320) to be 
slit, formed and bent complete. The operating rate of 150 strokes 



Fig. 322. — Inclined “high-production^' 
press arranged with swinging magazine 
feed for the parts and die shown in the 
lower right corner of Fig. 320. 
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Fig. 323. — Typical “scrapless" lay- 
outs; A, B and C use coil stock; 
D and E are transformer and motor 
laminations from 8-ft. strips. 


(pieces) per minute is maintained with the aid of an air jet to help in 
ejecting. The feed is arranged to take care of bowed, buckled or burred 
blanks and is so mounted that it is easily swung to one side for change 
of tools. 

Economy of Metal. — The metal required for a stamped article is 
often the largest single item of its cost. The desirable policy is obviously 
so to plan the production of the part as to waste the least possible 
amount of metal. For small parts this is usually a question of strip or 
sheet layout, though it may sometimes be necessary to rhodify the design 
of the part or to insert additional equipment or operations in the pro- 
duction line up. 

Scrap or waste metal is of little or no value, especially in the finely 
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divided state resulting from many press operations. Solutions have 
been: to bale strip scrap and fine perforations into a tangled bundle 
under hydraulic pressure, to rewind coil scrap into moderately dense 
coils or to pack shovel scrap in cheaply constructed light gauge black 
iron casks. In each case the effort is to get a better mass, which will 
melt rather than flash, and which will bring a higher scrap value. 

Scrapless Layouts. — Absolutely scrapless layouts are extremely rare, 
because of the inevitable presence of pierced holes, notches, etc. The 
term is used rather to distinguish such arrangements as those shown in 
Fig 323 from those in Fig. 325 where there is a skeleton of scrap com- 
pletely surrounding the product. 

The absence of a supporting skeleton means that the strip must 
always be pushtid rather rhan pulU^d through the die. The tail end of 


the strip is tlnen eitluj 
wasted or pushed through 
by hand, with a olick r 
with the end of th(‘ next 
strip. In automatic feeding 
the (luestion of disposal of 
the tail end of the strip 
becomes important on ac- 
count of the volume of ma- 
terial handled, and causes 



a arp o e c r. w ^^4 — Automatic press with feed mechanism 

between the use of metal producing laminations from strip stock with- 
in strip or sheet form and out skeleton scrap. 


in coil form. 


Coils are usually relatively long so that ordinary or high-speed type 
single roll feeds can be used, with the loss of a relatively negligible piece 
of material at the end. Such feeds are illustrated in Figs. 309 and 317. 
Occasionally, if the material is relatively thick and the operation is 
simple and not fussy in point of accuracy, it is possible to butt the ends 
of the strip or coil and permit the roll to push the tail end of the last coil 
through by means of the beginning of the next one. Sketches A, B 
and C in Fig. 323 are typical of scrapless production from coil stock. 

Sketches D and E in Fig. 323 illustrate respectively scrapless 
methods of producing radio transformer laminations and electric motor 
rotor and stator laminations. The material in each case is electric sili- 
con steel, which, in the higher silicon contents, can be produced only in 
sheet form. This is because the metal strain-hardens at too rapid a rate 
for economical cold-rolling and must therefore be worked hot in packs 
of sheets thick enough to hold the heat. The sheets are slit up into 
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strips of proper width with lengths of about 8 or 10 ft. Economy re- 
quires that the sheets be fed right to the end and that they be started 
one after another without interrupting the machine or the flow of pro- 
duction. 

Fig. 324 shows an automatic press for the scrapless conversion of 
transformer irons. It is equipped with a reciprocating finger feed which 
pushes the strip from the end until it has progressed far enough for 
another finger reciprocating between the last two stations of the die to 
pick up the feeding and continue it to the end of the strip. The latest 

developments of this type of 
equipment for high-speed 
operation are more compact 
and even more convenient 
for the rapid starting of the 
new strips. 

The scrapless strip prob- 
lem arises also in connection 
with some stretcher-leveled 
jobs and with tin-plate jobs. 
The former are handled as 
described above. Tin-plate 
strips, being short, are han- 
dled by the same push finger 
principles in automatic suction 
strip feed presses, Fig. 298. 

Skeleton Layouts. — Fig. 325 is a collection of scrap skeletons to illus- 
trate typical arrangements. The levers at A are blanked two at a time 
in a diagonal interlocked layout giving very good economy of material. 
The diagonal layout may not be practical if a hard-temper cold-rolled 
stock is being used and the layout brings a bend in the part at an un- 
favorable angle to the grain or directional properties (page 86) of 
the material. At B is shown one of many interlocked arrangements for 
transformer E laminations. The loss of metal is considerable compared 
with the design at D in Fig. 323. At C is a radius cornered nickel tag 
which must be blanked all around and which is planned to make very 
good use of the material. 

At D in Fig. 325 is a typical diagonal layout for round work. The 
washers in this case are pierced and blanked six per stroke, the punches 
being located in the relative positions suggested by the cross-hatching, 
Fig. 299. The part at E does not lend itself to economy of material. 
For the limited production required, the diagonal placing shown is about 
the best, though something could be saved by using a wider strip and 



Fig. 325. — Above, typical skeleton scrap jobs 
illustrating especially the interlocking of vari- 
ous shapes. Below, parts made from scrap 
salvaged from other w'ork. 
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passing through a second time to interlock a second row of blanks. In 
suitable automatic equipment this can be arranged but is not common 
and may prove troublesome. 

Either strip or coil stock can be used up from end to end on any of 
the jobs shown in I^ig. 325. High-speed double roll feeds are used in 
each case, and the entering rolls push the metal through until the out- 
going rolls get a grip on the skeleton and finish the job. 

In the use of tin-plate in sheet form, especially for the tops and 
bottoms of tin cans, the close-packed arrangements of blank, similar to 
Fig. 325 D, has been obtained by stagger feeding of the whole sheet. 
This was economical of material, but the equipments were either too 
slow or too complicated to survive. The trade therefore continued to 



Fig. 326. — Tin-plate sheets scroll sheared for economy preparatory to automatic 
handling in single- or double-die suction strip feed presses. Right, an automatic 
scroll shear which trims tin-plate, cuts it up according to A or B, and sorts the strips 

as required. 


slit the sheets into straight strips and feed these in strip feed presses, 
until the development of the scroll shear. This machine, as shown at 
the right in Fig. 326, is arranged to trim the ends of sheet and then cut 
it up into a series of scroll strips to acliieve nearly the economy of the 
stagger layout. Thus single row scroll slitting. Fig. 326 A, usually 
saves about 5 or 6 per cent of the material expense compared with 
straight strips. The two-row arrangement for double die strip feed 
presses may save up to 6 or 8 per cent on the material according to size 
and layout, Fig. 326 B. 

Separate Blanks. — Another expedient for economy in material costs 
is to buy ready-cut blanks to size from the mills. This saves shipping 
charges on the scrap and puts the salvage of the scrap directly in the 
hands of the mills. It is a practice which is becoming increasingly pop- 
ular though limited perhaps to fairly steady production requirements. 
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Alternative to that, Fig. 327 shows at the left a type of press, 
built for the manufacture of small motors, for cutting up whole sheets 
of silicon steel into stator size discs, following the closely packed stag- 
gered arrangement of Fig. 325 D. The economy of material in this case 
is often 12 to 15 per cent compared to the straight strip method. 

In either of these cases the prepared blanks must be fed to succeeding 
operations either by hand or by an automatic magazine feed. Fig. 327, 
at the right, shows such a feed attached to a standard inclinable press. 



Fig. 327. — Left, an automatic press for cutting up full-size sheets of silicon steel 
into blanks for motor laminations 'with maximum economy of material. At the 
right, a simple adjustable magazine feed for handling separate blanks, either plain or 
slightly formed, for subsequent operations. 


Others on multiple-slide and high-production presses are shown in 
Figs. 322, 347 and 348. 

Scrap Salvage. — In many cases scrap imavoidably produced in mak- 
ing large stampings may be used up for smaller parts. Thus automobile 
manufacturers use up the scrap blanked from window openings of body 
stampings. The steel companies turn pipe skelp ends into washers 
in the same way. 

Automatic equipment can be used in some cases for the latter job. 
In general, scrap salvage requires considerable untangling, sorting and 
handling and finally hand feeding for the press operation. Even so, the 
use of scrap is worked out satisfactorily in many cases. Fig. 325 shows 
at the bottom a collection of parts produced from blanks cut from scrap 
in hand-fed presses. These blanks were then handled at 125 to 150 
^PM in a magazine-fed press for the final processing. 
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Gauge Reduction. — In the initial design of the stamping, except for 
deep drawing, it is often possible to save by using metal strain-hardened 
by rolling to half hard or hard temper. This may permit a reduction of 
20 or 30 per cent in gauge with a proportionate saving in cost, In doing 
so, of course, the designer must take care not to have sharp bends, espe- 
cially parallel to the grain. Judiciously placed reenforcing beads and 
flanges also contribute to the successful use of the lighter gauges. 

Bending in Follow-Dies. — A great many follow-dies involve one or 
more bending operations, usually in combination with piercing, notching, 
parting, shearing and/or blanking operations. It has been pointed out 
that coil stock with its harder tempers has distinct directional properties 
which must often be considered iri 
bending. 

A visual illustration of this direc- 
tional difference is found in Fig. 328. 

Inset in the uppei a ntt is a plan 
and section sketch to illustrate the 
method of the experiment. A strip of 
quarter-inch thick bronze rolled to 
about quarter hard temper was placed 
in a round blanking die in a testing 
machine. Pressure was apphed until 
the beam dropped just as the frac- 
ture started. The sample was then 
cut in quarters along the center lines, 
and the edges were polished and 
etched. Fig. 25 A shows a photomicrograph taken at the point marked 
by the circle and the letter X. This was etched to show the flow of 
the metal under the pressure of (the corner of) the blanking punch. 

Two other micros. Fig. 25 B and C, were taken at similar points 
along the section AO, which was cut with the grain of the metal, and 
the section OB, cut across the grain. These were etched to bring out 
metal structure, and tracings of them showing a few typical grain out- 
lines are reproduced in Fig. 328. Note that the grains were consider- 
ably elongated in the direction of rolling as is seen by a comparison of 
their side and end elevations. Note, in comparing the two sections, that 
the upper edge of the metal was carried much farther down before the 
fracture occurred in section AO than in section OB. That is, the metal 
showed the greatest plasticity where the line of the shear cut crossed the 
grain of the metal. When the shear cut is parallel to the grain the metal 
evidenced greater hardness or resistance to deformation ai^d the fracture 
started more quickly. 


flection A-O L. ' "" flection 0-8 

Col WiU Oi-oin / 1 A 



Fig. 328. — Differences in directional 
properties of quarter hard bronze 
strip. Traced from photomicrographs 
of right-angle sections through a 
partly sheared sample. 
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The difference in the directional properties of cold-rolled metal was 
illustrated well in Table X A. This table noted that the bend test for 
quarter hard (low-carbon) steel should show that the metal could be 
doubled back upon itself in the direction of the grain without fracturing 
around the outside of the bend; but across the grain it should not be 
expected to make more than a 90° sharp bend without a fracture. 

Figs. 329 to 331 illustrate progressive die operations arranged in 
order of the severity of the bending strains imposed upon the metal. In 

Fig. 329 coil stock is fed to a stop and is 
progressively indented, pierced, parted 
and bent, after which the finished piece 
is stripped clear of the punch and the 
die and then blown out of the way. A 
fair metal thickness and accompanying 
clearance between cutting edges is de- 
sirable because the parting punch must 
enter the die a considerable distance. 
This is so that the blank will be free to 
bend up as the forming punch strikes it. The bend in this case is the 
easiest possible type, being across the grain and having a large radius. 
Metal which has been severely strain-hardened by rolling to the higher 
tempers should be satisfactory for this part. 
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Fig. 329. — An easy U bend across 
the grain. A simple follow-die, 
feeding automatically to a stop. 


0 ® 

_j^mj 

— FBI |i 0 rr sg ^ 

picrci&notch pilot l>*bCnd port finish bend 

Fig. 330. — A rather fussy part, includ- 
ing an undercut bend, as produced 
complete in a follow die, without loss 
of control. 





Fig. 331. — A follow-die sequence for 
the production of two angle brackets 
per stroke at a fast operating speed. 



Fig. 330 shows another part produced from the coil in a single roll 
feed automatic press. The operations are pierce and notch, pilot, bend 
the outer portion of the curl, part, finish bend the curl and make the two 
bends in the free end. Note that in this case it is not desirable to have 
the piercing punch enter very far as the bends should be nearly completed 
before the part is separated from the coil. The pilot and spring stripper 
are therefore able to prevent creeping of the stock in making the 90° 
bend. This sharp bend is across the grain of the coil, taking advantage 
of the greatest ductility of the metal) and the curl which runs with the 




Fig. 332. — A ^^high-production” 
press with single roll feed and a push- 
over motion for a secondary bending 
operation. 


Fig. 334. — An alternative method of 
producing the same part as in Fig. 333 
without the use of the push-over slide. 


finished parts usually using spring pins in the punches to help clear the 
pieces if the speed is high. As the angle of the shear cut, due to clear- 
ance, makes it practically impossible to push a blank back through its 
own scrap, the operation must be laid out so that the blanking, bending 
and pushout are in the same direction. As the tabs in this case are in 
the direction of feeding and there are no obstructions to interfere with 
grooving the die from the bending station to the pushout position, this 
job may be run without lifting the strip, which is a desirable feature for 







350 


AUTOMATIC PRODUCTION 


speed. In H 2 -in. steel this part can be produced at 300 SPM or better. 
In a push-back operation a rigid press is essential, and if the metal is 
thin stops may be required in the tools to insure coming to the same 
point every time. A sharp right-angle bend laid out with grain of the 
metal for scrap economy and production efficiency makes it necessary 
to use metal of a softer temper here than in the previous case. 

Figs. 332 and 333 show the press and die for the production of a part 
made from sixteen gauge (0.0625-in.) coil steel, in which a transfer oper- 
ation is involved. The strip and samples in Fig. 333 are laid in the same 
relative positions that they occupy in die and in the press. In the first 
step two holes are pierced. In the next, the end of the blank is bent 
down and a parting punch separates it from the strip. The blank is then 
pushed back to a final forming station by a spring finger and reciprocat- 
ing slide which is actuated through a bell crank from a cam on the end 
of the press crankshaft. Aside from this the press is a standard “ high- 
production ” unit with single roll feed. In point of severity this job 
rates with Fig. 330 in having right-angle bends across the grain. 

By wa}^ of speculation it seems possible that this part might also 
have been produced without the push-over mechanism as suggested in 
Fig. 334. This scheme is based upon letting the parting punch enter 
deeply to free the ends for bending just as the bending punches make 
contact. The preliminary bending gets the long leg up in position for 
the final bend. The operations then are pierce, pilot and prebend, part 
and final bend ejecting to the back. The press stroke must be some- 
what longer in this case than in Fig. 332, and one bending radius must 
be refinished each time the cutting edges are shimmed up and reground. 
A substantial spring backed pad should be furnished to prevent creep- 
ing in the final bend. A spring stripper at the piercing station and 
entering guides for the stock would, of course, be required. 

Drawing in Automatic Equipment. — Drawing operations can be per- 
formed automatically in so many different ways with so many points of 
relative merit that it does not seem wise to limit this part of the dis- 
cussion to follow-dies alone. Combination dies for both single- and 
double-action automatic presses frequently have advantages in scrap 
economy and simplicity, for single operation draws, though they may 
require special press arrangements for maximum speed. Follow-dies of 
different types and a dial or transfer feed sequence of separate dies each 
have their relative merits. 

Combination Dies. — Combination dies for blanking and drawing one 
or more shells per stroke are common and well known. When used in 
automatic equipments such dies are usually of the inverted type shown 
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in Figs. 162 and 168 and are used in single-action presses equipped with 
pneumatic or other drawing attachments. 

It is often possible to arrange combination dies to include a piercing 
or a stamping operation on the bottom of the shell. In any case the 
shell is lifted in the punch and stripped out toward top stroke to be dis- 
charged above the surface of the die. An air jet, a reciprocating tray or 
a swinging finger may be used to remove the shell, but more often the 
press is inclined and gravity is employed, with the aid of an air jet if the 
operating speed is high. 

Thus Fig. 335 shows an automatic high-production press mounted 
on inclined legs to be equipped with a double combination die for blank- 



Fig. 335.— a “high-production” press 
(Bliss No. 675), inclined and arranged 
for the automatic production of 
drawn and pierced shells two per 
stroke from coil stock. 



Fig. 336. — A 9-in. stroke press with 
slow-draw quick-return drive, high 
speed feeds and straightener, etc., for 
producing 150 drawn shells per 
minute. Coils weigh nearly a ton. 


ing, drawing and piercing two shells per stroke. The die is so laid out 
that the two rows of blanks are interlocked on the (coil) stock with 
attendant scrap economy. Even in single rows combination dies are 
usually more economical in the matter of scrap than follow-dies, but of 
course at a sacrifice of some speed in most cases. Piloting of the metal 
is usually unnecessary with an accurate automatic feed, and roll straight- 
eners built into and driven with the feed may be used if required. 

The slow-draw quick-return drive shown in Fig. 336, and described 
in connection with Fig. 261, has considerable advantages for automatic 
equipments on the drawing of steel. It increases materially the press 
operating speed and production without increasing the drawing speed or 
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the tendency to pick-up or score. The unit shown is equipped with 
high-speed double roll feeds and straightener for handling fairly heavy 
coil stock up to 24--in. wide and with combination blanking and drawing 
dies for producing three odd-shaped shells per stroke. Air cushions are 
adjustably arranged in the bed. 

Follow-Dies. — Drawing operations in follow-dies may be grouped 
according to three general methods of taking care of the movement of 
the metal and reduction of the projected area of the blank. Obviously 
the center distance between each of the operations in the die must 
remain substantially constant. Accordingly all the metal required for 
the drawn shell must be gathered in the first station or a relief must be 



Fig. 337. — Strips showing typical sequence of operations in follow-dies. A (upper 
left): 0.008-in. copper, no relief, 250 SPM. B (across bottom): 0.085-in. steel 
pierced relief 165 SPM. C (upper right): 0.018-in. C.R.S. with slit relief to save 

metal between blanks. 

cut between blanks so that drawing at one station has practically no 
effect upon the operation at the next station. 

Figs. 174 A and 338 A illustrate methods of producing radiator fins for 
assembly on the tubes of heating and cooling units. In both cases 
buttons are drawn up in the first station of sufficient size to provide the 
metal necessary for the final flange. This metal is obtained partly by 
stretcliing but to a greater extent by drawing in from the sides and from 
the free end of the strip. The second station in both cases is idle, the 
button being held under spring pressure to anchor the strip and prevent 
metal being drawn from that side into the first station. Sketch A (Fig. 
338) shows the method followed in the equipment in Fig. 339. The 
third and fourth stations reduce the diameter of the original button. In 
the fifth the bottom is pierced out; and in the sixth the edge is burred 
down to increase the height of the shell, the corner radius is stamped 
sharper and the flange is flattened. 

The machine for this job, shown in Fig. 339, is a standard high- 
production press with high-speed double roll feed and a special shear 
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blade operated through a ratchet mechanism which counts off any de- 
sired number of pitch lengths from one to fifteen before operating. Thus 



Fig. 338^1. — Sequence uf open, ions 
used in Fi^. 339, no relief. Metal 


gathered from sides and fw end. Fig. 339. — A “high-production” press 

B. Follow-die job in 0.025-in. C.R.S. producing aluminum radiation fin at 

Sufficient metal gathered in first sta- 300 SPM with timed shear to cut off 

tion for final reforming operation. predetermined lengths. 


the length of the finished fin may be controlled to suit the length of the 


finished radiator. This equipment 
operates at 300 SPM feeding one 
pitch length per stroke. It can pro- 
duce two or three rows of buttons 
from wider stock in the same manner 
as the single row shown. 

Fig. 338 B shows a job somewhat 
similar in type in that the necessary 
metal is gathered in the first station 
from the sides and the free end of 
the strip. The second station again 
serves for holding purposes. The 
part is finished up in the next two 
steps, piercing the central holes and 
drawing the dish and the edge bead 
from an excess height of metal in the 
side wall. The part is blanked out 
in completed form in the fifth station. 



blank pitrec 3*^ draw l^drow picree rtltcf 

A 



blank out p«rt« drow »litr«l)af 
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Fig. 340. — Three follow-die strip lay- 
outs showing methods of piercing or 
slitting for drawing relief in which the 
strip width is reduced. 


The second and perhaps the commonest type of follow-die work in- 


volving drawing operations is illustrated at B and C in Fig. 337 and in 
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Fig. 340. In this case clearance is pierced or slit between blanks to 
permit the metal to be drawn in lengthwise without bothering the center 
distance. The blanks remain attached to strips of scrap along each edge, 
and as the blank is drawn the strips of scrap are pulled closer together. 

The same job, an automobile door latch part, has been shown at B 
in Fig. 337, at B in Fig. 340 and in Figs. 341 and 342 to give a complete 
story. The metal was 0.085-in. drawing steel in coils, and the job was 
run at 165 SPM, producing a right- and a left-hand part each stroke. 

The first operation was to pierce a clearance slot having a width a 
little under twice the metal tliickness. The part was drawn to its full 



Fia; 341. — The ‘‘high-production^’ 
press operated at 165 SPM to pro- 
duce the job shown at B in Figs. 
337 and 340. 



Fig. 342. — Follow-die built of high- 
chrome high-carbon steel to produce 
the job shown at B in Figs. 337 
and 340. 


depth in the next step, using heavy springs back of the stripper plate for 
partial blank holding. The third station is for piercing and the fourth 
for cutting a parting slot following the profile of the piece. In the fifth 
station the two parts are blanked out and may be kept separate as they 
faU. 

The die for this part, shown in Fig. 342, is built of high-chrome 
high-carbon steel substantially mounted in a standard four-pin die set. 
It is provided with the usual entering guide, fixed side guides and spring 
stripper. The press which is shown in Fig. 341 is a regular “ high- 
production press with double roll feed, starting gauge, stock oiler 
and scrap shear. 

Fig. 340 A shows a simple round shell drawn in two steps with pierced 
clearance to permit the metal to move in. The job shown in Figs. 337 C 
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and 340 C employs a slitting operation to free the rectangular blank at 
all but two points in the center of each side. The slitting eliminates 
scrap loss between blanks. The amount which the drawing operation 



Fig. 343. — The progressive die operations in the production of a shell for a V-belt 

pulley. 


pulls the metal in is quite clearly shown in the photograph. The job 
in this case is drawn down and blanked down through the die. In 
Fig. 340 i4, it is drawn up, which has some advantages in point of blank- 
holding but may be incon- 
venient with respect to 
blanking out and to main- 
taining a feed level. The 
direction of the draw must 
be left to the preference of 
the designer and the details 
of the specific job. 

Figs. 343 and 344 illus- 
trate the method and equip- 
ment for the production of 
a V-belt pulley. The sample 
strip has been detached from 
the coil right through the 
clearance space pierced be- 
tween successive blanks to 
give the metal freedom to 
draw in. The original 
pierced opening allowed 
nearly J^in. clearance be- 
tween blanks, and of course 
this opens up considerably 
as drawing progresses since 
the shell is drawn quite 
deep. 

The operations are, in 
order: pierce between blanks; draw; redraw; redraw; restrike to 
square up draw radius and to flatten flange; rubber bulge using rubber 
punch and wedge action split die to close around the shell during the 



Fig. 344. — The automatic press for the job shown 
in Fig. 343. 
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bulging; idle; blank through (scrap not shown). Subsequently the 
part is restruck in a separate operation and then pierced. 

The press, Fig. 344, is 74 in. wide and has a 12-in. stroke. The feed 
timing is so arranged that feeding is completed in the top quarter of 
the stroke, leaving 9 in. for draw and liftout with proper clearance and 
indicating about 4-in. maximum shell depth. Coil material up to 15 in. 
wide is fed tlu’ough the press housings, with provision for roll feeding, 
straightening and scrap cutting. Ordinarily, when progressive dies are 
used, straighteners should be mounted away from the machine with a 
controlled slack loop between them and the feed to permit releasing the 
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Fig. 345 A . — Steps in the production of a drawn cap in the follow-die, Fig. 346. At 
B, the layout of a multiple follow-die for producing three cartridge primer caps per 

stroke. 

feed rolls for proper piloting. Extra die space is furnished to take care 
of Marquette blank-holding cushions above the punch plate. 

Another type of follow-dies for drawing operations is illustrated in 
Figs. 345 and 346, in which the relief to permit metal to be drawn into 
the cup is provided by slitting two concentric ring cuts leaving a ring of 
scrap. This ring is attached both to the blank and to the main skeleton 
of scrap at two, three or four points so alternated that the blank can be 
drawn in freely and yet be kept tied firmly to the skeleton. 

The scrap skeleton can be fairly substantial, and owing to its freedom 
from distorting strains it gives this method certain advantages over the 
two previously described for complicated dies and for multiple follow- 
dies. There is usually a somewhat greater scrap loss to be taken into 
account, however. 

Fig. 345 shows at A the details of the operations performed in the 
die shown in Fig. 346. There are idle positions following each of the 
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working stations in order to give annple strength in the die and room for 
renewable bushings wherever required. Although this practice is very 
desirable where it works out well, it is possible to get into trouble by 
spreading a die out too long, owing to curvature of the strip or non- 
uniform properties of metal throwing the last operation out of proper 
alignment with the first. 

In the first station in Fig. 345 A an outline is slit which is a little 
larger than the desired blank all around. The second station is idle, and 
in the third the actual outline of the blank is slit inside of the previous 
cut. As shown in Fig. 346, three slots each are milled into the punches 
for these two operations so that the slitting cuts are interrupted at the 
corrc^sponding points. These tie points are spaced 120° ajmrt, and one 
group is rotated 60° from the other group. This permits the blank to 



Fig. 346. — A follow-die employing the double slit ring method of freeing a blank for 

a drawn cap. 


be drawn in at the fifth and seventh stations without getting out of 
control and without distortion to the outer scrap skeleton. In the last 
station the finished cap is blanked out all around and pushed through 
the die. In the actual die, Fig. 346, a third draw or restriking station 
is furnished which is not shown in the sketch. 

Four spacing or distance blocks are furnished at the four corners of 
the punch to contact with the die and prevent the slitting and drawing 
punches from entering too deeply. This is a very important point in 
many delicate dies of the follow type. Such spacers also minimize 
tipping of long dies when loads are unbalanced. Note, in Fig. 346, that 
solid fixed strippers are used for the cutting stations, while the spring- 
actuated blank-holding rings serve to strip the drawing punches. 

Fig. 345 B shows the sequence of operations in a foreign multiple 
follow-die for the production of small percussion cap ferrules. Here two 
slit circles each with two interruptions in them are used to free the 
blanks so that three sets of drawing operations may proceed at the same 
time in the same skeleton without interfering with each other. Two 
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idle stations are required between each set of working stations in order 
to give room for die bushings and sufficient strength. The operations 
are, in order: first, slit the outer circles with two interruptions at points 
paralleling the axis of the strip; second, slit the inner circles with two 
interruptions at points perpendicular to the axis of the strip; next the 
blanks are cupped, after which come throe redrawing operations; then 


Fig. 347. — A 7-in.-shaft, 96-in. wide multiple slide press of the straight-sided type, 
for a series of six operations from a flat blank to a drawn and trimmed shell of odd 

contour. 


piercing a small hole in the center of the bottoms; and finally blanking 
out the finished primer cups. 

Multiple Operation Equipment. — In many series of drawing and ac- 
cessory operations for one reason or another the stampings cannot be 
kept attached to each other or to a skeleton of scrap, and must therefore 
be moved separately across a series of separate dies. For such work, 
presses have been developed equipped with transfer feeds and known as 
multiple slide presses, Fig. 347. The name comes from the common use 
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of a small slide built into the main slide for each operation in order to 
provide an individual adjustment for each set of tools. This feature is 
usually of extreme importance for convenience in tool maintenance. It 
is also common to furnish a cam-actuated knockout mechanism in each 
slide in order to strip the work positively from each punch, and in proper 
time relationship with the feed. 

The means of moving the stamping from die to die across the press 
usually involves the use of a set of reciprocating feed bars with a trans- 
verse opening and closing motion normal to the direction of feed, to posi- 
tively grip and release each stamping. In connection with this feed it is 
usually necessary to have shells or parts with a flange or square edge to 
slide upon and a sufficiently large area of base in proportion to height 
to stand in stable equilibrium. Accordingly shells are most commonly 



Fia. 348. — Close-up of tools, transfer bars, magazine feed and operations in a seven- 
station, 72-in. wide multiple slide press. 


handled with the bottom up and are drawn down over inverted plugs 
with blank-holding attachments in the bed of the press. 

An example of this practice is shown in Fig. 348. Here a blank, 
which is brought into the first die from a magazine, undergoes four suc- 
cessive drawing operations. The large diameter is trimmed in the fifth 
step and burred down in the sixth to give a square edge for flash welding. 
The small end is pierced in the sixth and burred up in the seventh die 
to increase the height and give a square edge. 

For the sake of scrap economy the blanks were cut from coil stock in 
a multiple die, two or three per stroke in a roll-fed high-production press. 
An extra drawing operation was introduced to reduce the strain on 
the metal per operation and thereby reduce the possibility of breakage. 
The equipment replaced six hand-fed presses with their operators and 
with helpers for moving work in process. It saved a very considerable 
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amount of space, increased production to a constant rate of 25 pieces 
per minute and reduced the work-in-process inventory to a minimum. 

An alternative method for parts which, owing perhaps to an irregular 
edge, must be drawn open side up, is the use of a double-action toggle 
press. Such a machine is illustrated in Fig. 349. It is arranged for five 
working stations and provided with a transfer feed and a friction dial 
feed for introducing a previously blanked and drawn shell. Separate 



Fig. 349. — Shells, fed open side up by friction dial and transfer feeds, are subject to 
five operations in this double-action toggle press. 

adjustments are built into each set of punches in this press. This is 
obviously not so satisfactory as the practice of building the separate 
adjustments into the press slide once and for all. 

Fig. 350 shows several typical series of operations performed in mul- 
tiple slide presses. The asterisks indicate cases in which a previously 
blanked and drawn shell was fed, usually by friction dial, to the first 
station of the presses. In other cases, as at^ E and G, coil stock was fed 
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across the first station by means of a single or double roll feed and the 
blank was cut or cut and drawn before passing on to the subsequent 
stations. 

At A in Fig. 350 are shown two series of shells each produced in a five 
slide transfer feed press with an anneal between the two series. Such 
shells may also be handled in grip fingers mounted in an inner slide 
which is mounted in turn in a transversely reciprocating outer slide. A 
lag in the travel of the inner slide relative to the outer one, due to fric- 
tion, causes the grip fingers to open and close at the extremes of travel. 

In still another method the fingers are spring-actuated to snap onto 
and off from the shells. The feed slide must then be so timed relative to 
the drawing punches that the latter will act to hold and release the shells 
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Fig. 350. — Eight typical series of operations performed in multiple slide presses with 
friction dial feeds (asterisk), or roll feeds serving the first station. 


from the spring fingers. This method is more often applied to single- 
action reductions in which the shells are handled open end up and would 
be in some danger of falling over. 

Reducing operations in which the shell can be pushed through the 
die may be handled as in Fig. 351 by stepping down from one level to 
another in each reduction and then pushing across to the next die with 
a simple push-over slide. This particular example is of double-action 
work and involves only two operations. The same principles, however, 
may be applied to single-action reductions and a greater number of 
stations. 

At B in Fig. 350 are shown operations in the production of a coffee 
pot cover knob. At C are the steps in making a harness oil can 
breast, including trimming and piercing. At F is the sequence in mak- 
ing a 5-gal. oil can nozzle. The nozzle is an offside shape which must 
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be kept twisted around the right way while in transit across the several 
operations. This is done by properly shaping the gripping fingers. At 
(r, after blanking, drawing and restriking, the outside edge is trimmed, 
the center is blanked out and the side wall is then burred up to get a 
maximum of height from a given blank. 

Dial Feeds. — The last of the methods mentioned for performing a 
series of drawing group operations automatically is illustrated in Fig. 352. 



Fig. 351. — A double-action press job illustrating the method of push-through dies 
and push-over feeds for a suitable series of operations. 


As shown, it is based upon the use of several stations in a ratchet dial 
feed. Previously formed shells are fed by hand or from a hopper into 
one of the forward stations of the dial. The shell is then carried around 
to the back and through the successive working stations. It may be 
pushed through in the last of these or carried farther and picked out 
automatically. 

Dial feeds are extensively used in single step, second operation work, 
but only in comparatively few favorable applications for progressive 



DIAL FEEDS 


363 


jobs. Three limitations account for this. All punches are carried in one 
holder on the slide, and separate adjustments are usually required in 
each punch. This is fairly easy for simple round drawing punches. For 
most operations in series, the dies must be grouped under the dial where 



Fig. 352. — five-operation ratchet dial feed reducing press for ironing, reducing 
and pointing bullet jackets. 


they are less accessible than in transfer feed or roll feed equipments al- 
ready discussed. The process is usually limited to cylindrical-shaped or 
flanged parts having a (practically) constant outside diameter during 
the series of operations so that the dial bushing can maintain each part 
in a central location at each station. Adjusting or centralizing bushing^^, 
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have been built for shapes wliich change during the process, but such 
cases are more easily cared for in the transfer feed type of equipment. 

The press shown in Fig. 352 represents a type which is quite popular 
for a number of operations in the production of small arms ammunition. 
These include particularly pointing of the bullet cases, necking the 
cartridge shell (done above the dial) and some of the ironing operations. 

The machine is a very shallow throat C-frame reducing press with 
long stroke and long gibs. It has a cam-actuated bottom knockout, 
cam-driven ratchet dial feed with sixteen stations, automatic safety lock, 

(Dial) 

, A 

^ Pierce 


B 

Burr Up 

(Coil stock) 

(Bridge die) 

C 

Assemble 

0 

Start Edge 
E 

Close 

Fig. 353. — Five working stations Fig. 354. — Combination of single roll feed 

for the dial feed unit in Fig. 354. and ratchet dial feed. Straight-sided double- 

Punch shown with stroke partly crank press selected for convenience and 

up at the left and down at tool life, 

the right. 





pick-off attachment, fixed stripper and a punch-holder arranged for five 
operations. A suitable hopper may be mounted on the bracket on the 
top of the press. 

Figs. 353 and 354 are arranged to show a series of operations in a 
dial feed, and the use of an auxiliary roll feed. Fig. 355 shows another 
such combination of dial feed and roll feed on a small inclinable press. 

In Fig. 353 are shown in section the five working stations of the dial 
feed. A composite dial bushing is used, made up of an outer ring which 
is fixed in the dial and an inner ring which is free to float. In each case 
the punch is shown approaching the die at the left of the center line, and 
in its bottom stroke position at the right. A shell, which has been pre- 


DIAL FEEDS 


365 


viously blanked and drawn in a combination die served by a roll feed, is 
placed in the dial at either of the loading stations (X- F, Fig. 354). 

Coil stock is fed across the dial by means of a single roll feed in the 
center. This stock is pushed across a bridge type follow-die to produce 
the part which is to be assembled with the drawn shell. The operations 



Fia. 355. — A C-frame press with roll feed for strip material and dial feed for drawn 
parts, for a series of operations. 


in the follow die are : pierce a center hole (iJ ), pilot in it and burr it down 
{S)y blank out a disc and push it through into the shell (C) and finally 
cut up the scrap (T), which slides away to the back. 

The operations in the dial are : first pierce a hole in the bottom of the 
shell {A)y then draw up a burr around the outside edge and around the 
center hole (B), next blank into place the second part from the coil stock 
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(C), then start to bend in the outer flange (D) and finally close the outer 
edge (E), completing the assembly of the two parts. At the station (Z) 
the parts are picked off and ejected to a chute at the side. 

It will be noted that the press indicated in Fig. 354 is of the straight- 
sided double-crank class like that shown in Fig. 356 rather than the in- 
clinable C-frame type, Fig. 355, which used to be employed exclusively. 

Whenever a dial feed or a combination of feeds may be required, the 
work is certainly in the quantity-production class and tool life becomes 
worthy of consideration. This is especially true when operations are 
grouped and feeds become complicated so that every shutdown for tool 



Fig. 366 . — A ratchet dial feed in a double-crank straight-sided press, showing that 
working stations are accessible from the back. 

dressing requires considerable time out of production. It should then 
be remembered that the C-frame press is essentially the convenient job 
shop machine for a variety of small-lot hand-fed work. The same frame 
construction which makes it so adaptable also makes it spring unavoid- 
ably on an arc. For that reason the life of fine cutting tools is consist- 
ently much higher in the straight-sided type of press. 

It should also be noted in Fig. 354 that all working stations would 
be well within the natural area of the slide face and that a slide provid- 
ing separate adjustment for each station could be furnished if necessary 
as in Rgs. 347 and 348. Any unbalance in arrangement of stations from 
right to left would be likely to be of negligible importance, whatever the 
series might include, owing to the double-crank construction. 
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In point of convenience it is apparent that the working stations and 
particularly dies under the dial are accessible from the rear of the press 
in Figs. 354 and 356, but not in such presses as shown in Fig. 355. The 
roll feed unit for Fig. 354 could be mounted at the back of the press in- 
stead of the center of the dial, but might then interfere with the operating 
convenience. 

Strip Feed Presses. — The automatic serving of combination blanking 
and drawing dies particularly by roll feeds has been mentioned. Such 
dies are also used in blanking, drawing and stamping from tin-plate, all 
sorts of tops and bottoms for tin cans and containers, a variety of screw 



Fig. 367. — The automatic suction strip feed built on a seven-station multiple slide 

press. 

caps and many toy, novelty and hardware parts. This list is limited to 
tin-plate either plain or lithographed, as such material has been com- 
monly available only in short strip form which precludes roll feeding. 
A number of mills are now producing tin-plate in coil form, and a couple 
have gotten the cost down close to that of sheets so that better metal 
economy and improved production conditions promise much for it. 

The short strips, however, are handled very rapidly in the newer 
automatic strip feed presses. As shown in Fig. 298, these are very mas- 
sive C-frame machines fixed in an extreme inclined position. In some 
cases the usual C-frame characteristics are minimized by the use of sub- 
stantial spacer tubes fitted between the top and bottom frame lugs, and 



368 


AUTOMATIC PRODUCTION 


steel tie rods shrunk in place to a predetermined load. The strokes are 
necessarily fairly long to give a sufficient space and cycle for ejection of 
the product from the surface of the punch. 

The strip feed mechanism may be used also on other types of equip- 
ment where short strips of tin-plate or other material are to be handled. 
Thus, in Fig. 357, it is built onto a seven-slide, bar-feed, multiple-opera- 
tion press. Here strips of spring steel are sheared up into blanks in the 
first station to be carried across the press for a series of forming and 
piercing operations. 

The automatic strip feed is so arranged thjit a stack of strips can be 
placed upon a supply table and renewed from time to time by the oper- 
ator without interference with the constant operation of the machine. A 
blank is lifted from the top of the stack on the supply table by a set of 
suction fingers, and is moved back to a gauge on the feed table at a rate 
which is so proportioned relative to the speed and number of blanks per 
strip as to keep one strip following another in the die. An electrical trip 
gauge is furnished esp)ecially for working with lithographed stock to stop 
the machine in case two strips sticking together should get by the knurls 
furnished for their separation. 

On the feed table is a set of reciprocating feed fingers to advance the 
strip step by step across the die by pushing on the end of it. A kickout 
finger on the far side of the die ejects the skeleton scrap after the last 
blank has been produced from each strip. When producing two or three 
blanks per stroke arranged in staggered relation on the strip for scrap 
economy, it is possible to increase the stroke of the feed bar and the 
spacing of the first and last fingers so the first and last feed strokes on 
each strip will be about 50 per cent longer than the average to avoid 
cutting half blanks. Individual feed fingers can be adjusted to compen- 
sate for inaccuracies in location of individual designs in a series on litho- 
graphed metal. 

In some special cases strip feed presses are used to blank and draw a 
shell from the strip, then drop it back from the punch into a nest on a 
second die for an additional operation. As this is in the nature of a 
gravity feed it necessarily reduces the speed of operation. Automatic 
edge curhng and stacking devices built on the back of strip feed presses 
are standard equipment for most can end work. 

In rare cases strip feed presses have been adapted to the use of single 
row follow-dies. As the regular feed would push the end of the strip 
only tip to the first station, an extension feed finger is required on the 
far side of the die to complete the feeding through the succeeding stations. 

Electric Safety Devices. — The operating speeds of automatic press 
equipments Imve increased rather suddenly and now frequently reach a 
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point beyond the capacity of the eye of the operator to control. If the 
action of the feed and the tool is entirely positive this makes no difference. 
But there are instances in which a loose blank or piece of scrap may drag 
along or stick on the surface of the die, marking the product; or flimsy 
scrap may tend occasionally to buckle or tangle in the die; or some part 
ejected by air or gravity may not always get clear ; etc. It is then neces- 
sary either to run at a low enough speed to permit the operator to see 
just what is going on in order to stop in case of emergency, or to main- 
tain the speed and provide automatic means of detecting trouble and 



Fig. 358. — A standard solenoid 
connected to the treadle lock 
mechanism to control electri- 
cally the stopping of a “high- 
production press. 



Fig. 359. — The treadle lock solenoid 
control on a high-speed roll feed 
press is here interconnected with a 
limit switch, to detect the end of a 
coil, and two remote-control push 
buttons. 


stopping the equipment. The latter method permits the greater pro- 
duction and also eliminates danger due to inattention on the part of an 
operator. 

It is the object here to discuss methods and devices for guarding ex- 
pensive and delicate tools, especially at the higher operating speeds. 

Most fast automatic presses have a positive mechanical clutch, con- 
trolled by a latch, which will stop the press as soon as the treadle lock is 
released. In an emergency the release of the treadle lock may be accom- 
plished manually, mechanically or electrically. Of the two automatic 
means, electrical operation through a solenoid has seemed to be the most 
flexible. 
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Figs. 358, 359 and 362 illustrate the use of a solenoid arranged to 
control the treadle lock of a high-production '' press. In each case 
the constantly energized solenoid serves to hold the treadle lock in en- 
gagement and keep the press in operation. Breaking its circuit permits 
a spring to release the lock, freeing the latch, which stops the press. 
Experience seems to have shown that it is best to use a continuous rating 
solenoid and to keep the current on while the press is in operation. The 
alternative of energizing the solenoid only when the press is to be stopped 
is slower in action and is not so safe, in that electrical failure at some 



Fig. 360. — Emergency circuit opening devices for: (A) strip end or strip buckle, 
(B) checking metal thickness under a spring stripper, (C) pilot hole registry, (D) 
double strip detection, (E) double-action die protection. 


point in the circuit puts the emergency stop feature out of commission 
without warning to the operator. 

As shown in Fig. 358, the electrical stopping feature adds, to the 
standard treadle lock, only an extra long lever (A), a spring (B), a link 
and a small standard continuous-rating solenoid (C). The solenoid pull 
may just about balance the spring 5, if the initial locking is to be done 
by hand. A more powerful solenoid will overcome the pressure of the 
spring (B) and operate the lock whenever the treadle is depressed. 

Trouble Detectors. — There are a number of devices for breaking the 
solenoid circuit to stop the press, depending upon the type of emergency 
to be anticipated. Several of these are shown in Fig. 360. 

To stop the press at the end of a coil of metal, or to stop when the 
strip meets some resistance in the die so that it cannot advance and 
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therefore buckles inside the feed rolls, a limit switch {LS) may be placed 
just after the feed-in rolls so that the switch roller is riding over an open 
space in the table as shown in Fig. 360 A. When the end of the strip 
passes, the roller must drop. If the strip jams and buckles it can only 
buckle downward, again permitting the roller to drop. In either case 
the circuit contact is broken in the limit switch and the press stops. 
Such a device is used inside the feed mechanism in Fig. 362. 

To stop if the spring stripper of a follow-die or blanking die does not 
seat properly, a snap switch or contact breaker may be placed between 
the punch plate and stripper plate in the die as at in Fig. 360. The 
spring stripper normally comes to just metal thickness distance from the 



Fig. 361. — T 3 ^pical detector control circuits. 

C — contact or switch. PER — photoelectric relay. 

L — tell-tale lamp, R — relay. 

LS — limit switch. S — solenoid, at treadle lock. 

die surface. Therefore if two blanks are fed, or if a piece of scrap is 
pulled back by suction and pulled over on the die surface, where it is 
likely to mar the product, or if blanks are being carried in the scrap and 
one falls out, the double thickness of metal under the stripper plate re- 
duces the distance between the stripper plate and the punch plate. The 
difference may be small if the metal is thin so that it may be advisable 
to arrange a multiplying leverage, as shown, to separate the contact 
points an appreciable distance. If the press motion is fast it is probably 
best to use some modification of the snap switch principle to open the 
circuit permanently to insure stopping. After clearing the die the device 
is reset as by pulling out the knob in Fig. 360 B or readjusting the thumb- 
screw in circuit II, Fig. 361. If the press motion is slow it may be suffi- 
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cient to use simple spring contacts such as those shown in Fig. 360 D. 
If the metal thickness is considerable, so that no multiplication of motion 
is required, a standard push-button element or unit assembly (see Fig. 
360 E) may be mounted in the punch plate with an adjustable set screw 
on the stripiDer to contact with it. Such a unit has the advantage of 
providing all necessary contacts, springs, insulation and binding posts at 
a small cost. 

To stop in case of a misfeed in a follow-die, a spring-backed feeler 



Fig. 362. — Solenoid control on a “high-production press” with four remote-control 
push buttons and a buckle detection limit switch to safeguard a $6000 compound die. 

pilot may be used as in Fig. 360 C. This pilot must be somewhat 
smaller and freer than other pilots in the die so that it enters the pilot 
hole without being affected by the normal work of locating the strip. In 
case of a serious misfeed, such that other pilots break through the strip, 
this one strikes the solid metal and backs up, breaking the solenoid circuit 
and stopping the press. 

To stop in case of feeding double blanks a feeler roller may be used 
as in Fig. 360 D, This is similar in principle to a limit switch but must 
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be quite sensitive. It is used particularly on high-speed automatic strip 
feed presses, where sheets of lithographed or oily tin-plate are likely to 
stick together at times. The extra thickness to be detected is, of course, 
about 0.009 to 0.012 in. As the motion of the sheet feeding mechanism 
is relatively slow, there is time to stop the press by closing the circuits 
and energizing the trip solenoid instead of by de-energizing as is the 
normal practice. This device may be used also in connection with maga- 
zine and push feeds. 

To stop in case of a misfeed at a drawing operation, as in a multiple 
slide press, a push-button element or other contact breaker may be 
mounted under the blank-holder ring as in Fig. 360 E, If a shell is not 
properly located and is jammed or buckled up between the blank-holding 
surfaces, the double or triple metal thickness causes the blank-holder 
ring to travel farther than usual and break the control circuit. 

To stop the press, if a stamping, which is being discharged from the 
die by air or gravity, di>e8 -mt clear at the proper point in the cycle, it 
has proved possible to use an electric eye or photoelectric relay, in con- 
junction with a timing limit switch controlled by a cam on the press 
shaft. Such an arrangement is suggested in circuit III of Fig. 361. 
Either the stamping should pass a givvn point at a given time, or it 
should be clear of the danger zone at a given time. Then it would (or 
would not) intercept the rays of a light source directed at the light- 
sensitive receiver, with a corres]>onding effect through an amplifying 
tube upon a sensitive relay and control contactor. As the presence or 
absence of the stamping must be recorded in relation' to a specific instant 
or period in the press cycle, a cam-controlled limit switch may be ar- 
ranged in parallel with the photoelectric relay, to open the circuit at the 
instant the latter should close it. 

Circuits. — Fig. 361 is arranged to show methods of connecting stand- 
ard electric units for the services just described. The solenoid for re- 
leasing the treadle lock and stopping the press is indicated by the letter 
S. In each circuit a push button, P, is shown which may be used for 
stopping a press at the will of the operator. In Fig. 362 are shown two 
out of four such push buttons, which were placed at various convenient 
spots about the press. 

Circuit I in Fig. 361 is the simplest, being so wired that the full cur- 
rent drawn by the solenoids, Sy passes through a normally closed push 
button, P, and normally closed limit switch, LS (Fig. 360 A). This 
will cause some arcing to the detriment of the contact surfaces when the 
circuit is opened at either point. Therefore to protect these contacts it 
is usually ^tter practice to put the push buttons and trouble-detecting 
devices on a control circuit which will draw comparatively little current. 
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In that control circuit is placed a standard relay or contactor to open or 
close the solenoid circuit. 

Thus in diagram II, Fig. 361, the solenoid, S, is on a circuit by itself 
which is kept normally closed by the relay, R, in the control circuit. 
With it are included a push button and a contact point, C, of the multi- 
plying leverage, thumbscrew reset type for similar service to Fig. 360 By 
detecting double metal thickness under a spring stripper plate. All 
these devices are in effect normally closed switches, as the press is to 
be stopped, in emergency, by opening the circuit. In general any of 
the detector devices in Figs. 360 and 361 may be substituted for any of 
the others to suit the needs of the case, provided that the normally open 
or normally closed feature is followed consistently. A number of push 
buttons and detector devices may be used on the same circuit when re- 
quired. If so they should be in series for the quick-acting normally 
closed type, diagram II ; or in parallel for the slower, but more economi- 
cal, normally open type, diagram IV. 

Diagram III in Fig. 361 is arranged to show the synchronization of a 
detector with some particular period in the cycle of an automatic press. 
The control circuit includes the normally closed relay, Ry which governs 
the separate solenoid circuit; a normally closed push button, F, for 
manual control or jam detection; a limit switch, LS, the roller of which 
rides on a cam on the press shaft to keep the circuit closed except at 
the time the detector is to function; and the detector. In this case a 
photoelectric relay or electric eye, PER, is^shown as the detector. It 
is arranged on its own circuit with a lamp to serve as light source, re- 
ceiving and amplifying tubes, sensitive relay and a contactor which 
serves as the link to the control circuit. This contactor and the mechani- 
cally timed limit switch must be arranged in parallel to get complemen- 
tary opening and closing action while retaining a normally closed circuit. 
A red warning lamp, L, may be connected through the normally open 
poles of the relay so that it will attract the attention of an operator 
when the press stops. This may be of value when several strip feed 
presses, or simple coil stock jobs, are being run automatically under the 
control of one operator. 

Diagram IV, Fig. 361, is an example of the normally open type of 
circuit requiring parallel rather than series hook-up. The circuit may 
be closed either by the two-blank-detector roll, C, or by the push button, 
P. Either will energize the relay to close the solenoid circuit for stopping 
the press. A red tell-tale lamp, L, may be placed in parallel with the 
solenoid to indicate stopping. As current is drawn only when the press 
is to be stopped this arrangement is a bit more economical than the nor- 
mally closed type. On the other hand there are several handicaps 



COSTS 


375 


because of which a normally closed type is usually favored. In case of 
electrical failure at any point the latter type stops the press at once, 
while the normally open circuit gives no warning of the trouble until an 
emergency arises, when it is too late. Note too that a normally open 
push button requires sufficient pressure to contact positively at both 
points; but in an emergency it is quite likely to receive only a light and 
hasty touch which does not actually close the circuit. It seems too, that 
snappier action results from breaking circuits, and de-^nergizing mag- 
netic devices, than from the reverse process. 

Costs. — Design, mechanical accessories, and wiring all enter into the 
cost of electrical controls, but a rough idea of the expense involved may 
be obtained from following list prices of standard electrical control units. 
These are much less costly, in general, than home-made devices for the 
same purposes. 


A~c. relays or ms^ne^ic switches 
Limit switches 

A-c. solenoids, continuously rated 
Photoelectric relay units 
Push-button elements 


$10.00 - $20.00 
$5.00 - $18.00 
$12.00 - $60.00 
$87.00 

$1.25 - $1.75 



CHAPTER XV 


DIVERSIFIED PRODUCTION 

It seems strange that diversified production should follow auto- 
matic production in this discussion, but that is the sequence, in that the 
one was fostered by quantity requirements achieved in automobile 
manufacture, and the other was a necessity to meet rapidly changing 
airplane development. Earl Cannon has put it concisely, that out of the 



Fig. 363. — The “ front fender line ” which completes a series of trimming, flanging 
and punching operations as right- and left-hand drawn fenders, for a well-known car, 
are passed along the front and rear of the presses. 


period of high-production machinery and rigidly standardized assembly 
lines, has evolved the flexible assembly line for a diversified or changing 
product. It is backed by, and in part made possible by machinery 
with exceptional flexibility of control and adjustment and by adaptation 
of tools and tool materials favoring rapid and easy construction and 
change. Accompanying all this, and very definitely influencing it, has 
been the expansion of the horizon of engineering materials. 

A mass production high point in rigid assignment of well-tooled 
machines, in sequence location for standardized parts, was the model 
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T Ford. At that time, however, a model change required that 
production cease completely for a considerable period. Subsequently 
diversification of accessory equipment, body styles, colors, and interior 
trim necessitated greater flexibility in control of feeders to the assembly 
line. Back of feeder and sub-assembly lines the trend remained to 
shift fine dies and line set-ups, Fig. 363, as infrequently as possible and 
likely only for model changes. In general, quantities were large, and the 
effort was made to keep parts flowing from step to step at a steady, 
fast pace and without intermediate storage. Such methods naturally 
make for maximum economy, but in warplanes, changes were too fre- 
quent and assembly too complex and slow to permit storage of the out- 
put of quantity production runs. 

Metal plane manufacture, like early automobile building, began 
with relatively simple e(iuipment. Some of it was borrowed from the 
practice of duct and funiace makers. Scjuaring shears, rotary shears 
and small punches took ca'^e of most of the cutting operations. Bar 
folders, power brakes (Fig. 364), and bending rolls handled a variety 
of bending operations. Brakes have also found considerable application 
in the production of office files and furniture, trucks, cars, and other 
products of straight-line design requiring a variety of bends, Fig. 365. 
Bottoming loads, which tend to frequent overloading, and the central 
working stresses, which permit simple sections, have favored rolled 
plate construction. Forming operations allied to shallow drawing were 
performed in large area drop hammers, often using reducing piles of 
leather shim rings to simulate blankholding. This left much to the 
skill of the operator and to subsequent finishing of wrinkles and outline 
with a hand hammer. 

Warplane output demanded production with flexibilit}?', fluid designs 
apd steady flow without accumulation of too many parts ahead. At 
about the same time complete streamlining did away with most of the 
straight lines and required more tooling. To meet the flexibility of 
changing design such tooling had to be cheap. To produce economi- 
cally a few dozen parts of a kind per run, usual tool set-up times had to 
be practically eliminated. Ground plate blanking dies and rubber die 
forming are typical of the diversified production solutions. In both, 
cheap dies are located by eye with little or no press adjustment, and 
usually without even clamping in position. 

Ground plate blanking dies- developed apparently around Minne- 
apolis for small-lot requirements prior to the warplane problem. Their 
economy was achieved by the combination of jig boring, nibbling, band 
sawing and band filing of thin steel plate in a production die-making 
method. The plate, rolled and ground to an eighth or three-sixteenth 
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thickness may be a carbon steel or alloy steel, machinable but hard 
enough without subsequent heat treatment to cut a number of low- 



Fig. 364. — A power brake for a variety of straight-line bending operations, in this 
case up to in. thick by 144 in. long in steel. 



Fig. 365. — Typical brake bending operations to which certain curving, corrugating, 
seam forming and other operations (Chapter V) may be added. 

carbon steel blanks or a substantial quantity of soft metal blanks. The 
die and the stripper which serves also to guide and align the punch 
are cut and finished together to the blank profile and mounted on a 
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block with space between them for the strip to be blanked. The mount- 
ing block and block back of the punch are of uniform height so that 
the inclinable (or straight sided) press may be kept set at the same die 
height. After each blank is punched the operator slides the die out, 
knocks out the blank and punch, moves the strip into position for the 
next cut, relocates the punch in the fixed stripper and pushes the assem- 
bly back under the press ram for the next stroke. Direct labor is rela- 
tively quite high, but for short runs the saving of set-up time appears 
to warrant it. 



Fig. 366. — Easily worked die materials for limited lot blanking of the softer metals. 

See also Fig. 402. 

In view of increasing use of synthetic materials, Fig. 366 suggests 
a more conventional arrangement of ground plate blanking dies for 
easy construction. Such dense, high impact fabric and phenolic plastics 
as Synthane and Micarta, which machine at woodworking speeds, have 
requisite bearing qualities and stability for limited quantity die-set 
usage. 

Materials, new and old, changing mixtures of materials and proper 
physical test data to aid in working and using materials continue to be 
a major problem. Warplane production expanded the output of alumi- 
num alloys, magnesium, transparent organic plastics, paper and cloth 
filled with thermosetting plastics, etc. The non-metallic materials 
and their plastic states are discussed in following chapters. 
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Magnestum, pure or alloyed for increased hardness, as with man- 
ganese, is recommended by its extreme lightness. Like zinc, it has 
limited plasticity at atmospheric temperature, but if heated above its 
recrystallization range, to 600-650° F., deep drawing is possible. Pierc- 
ing, blanking, bending and forging operations follow normal lines. 
Surface protection from oxidization and cleaning up of finely divided 
scrap are necessary fire precautions. 

Heat-treatable or dispersion-hardening aluminum alloys were found 
to have an undue tendency to tear if hurried in drawing operations. 



Fig. 367. — An Alclad pan drawn and stamped at Vega Aircraft in a quickly adjusted 
Hydrodynamic double-action press, using the bottom cylinder for blank holding, 
the outer slide for drawing and the inner slide for forming the steps. {Courtesy 
The Modern Industrial Press.) 

The interference with slip-plane action of copper particles in the alumi- 
num space lattice seemed responsible, and it was found that while 
commercially pure aluminums would draw at crankpin velocities of 
100 ft. per minute, the high-strength alloys had to be slowed to around 
35 ft. per minute. Stainless steels seemed to take difficult draws best 
at even lower speeds. 

Strong aluminum alloys clad with a thin protective layer of pure 
aluminum were found to scratch and mar too easily on cast iron and 
steel dies. To solve this zinc and zinc-aluminum alloy dies proved 
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satisfactory and were also found easy to remelt and repour in plaster 
of Paris molds when models changed. Wood and Masonite punches 
and stretching forms worked out for some applications because of the 
light loads involved. Later, resilient cast phenolic^ and other synthetic 
resin punches were successfully used, being poured directly against the 
contour of mating zinc-alloy dies. 

Such dies for deep forming and drawing operations were used first 
in rope lift and pneumatic hammers adapted from metal ceiling work. 
Later the deep draws went into double action toggle drawing presses 
with motorized long adjustment and inching control for motor drives 
arranged for suitably reduced speeds. For flexible diversified produc- 
tion purposes, self-contained hydraviie double action presses. Figs. 291 
and 367, with very versatile electric control systems proved fast and 
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Fig. 368. — Double-action stretching of simple curvature skin sections over wood or 
plastic punches with adjustable gripper sections. 

accurate to set up, turning out excellent stampings with a minimum 
of spoilage. Aside from soft die materials used, die design principles 
were essentially the same as was outlined in Chapter VIII. Draw die 
corner radius tended to increase over six times the metal thickness for 
Alclad aluminum and to decrease to around for stainless steel and 
to similar low values for drawing some of the synthetic thermoplastics. 

Stretching of simple contours in which sheet material must take a 
set to suit some outline is a modification of double-action drawing prac- 
tice as described in connection with Figs. 142, 169 and 170. It requires 

1 '' Plastic Punches,'' Leon Champer, Plastalloy Co., The Modern Industrial 
Press, February, 1943. 
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that the material be firmly gripped at the edges in order to set up 
strains exceeding the yield point of the metal. For airplane skin sur- 
faces some sections are simple enough to be formed in three-roll bending 
rolls. Others involving change of radius or more complex curvature 
required stretching but were simple enough to permit gripping along 



Fig. 369. — A crew of three at one of the slides of a six-slide press arranges punches 
and blanks for rubber die forming to suit whatever order or quantity of stampings 
may be required. (Courtesy Douglas Aircraft Co,) 


only two edges, Fig. 368. For aluminum the punches were made of 
zinc alloy, wood and various more durable synthetic wood compositions. 
As long as there are no reverse shapes or curves, male punches only are 
required. Gripping members may be adjustable or movable and the 
combination may be set up in any double-action press or double crank 
with suitable die cushions. 
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Perhaps the outstanding press contribution to diversified production 
was a type which came as a climax to the development of ike rubber die 
process. The early use of rubber in dies for bulging, stripping, forming, 
etc., was revived and expanded especially under Henry E. Guerin, The 
Douglas Aircraft Company ,2 Santa Monica, California. By confining 
a plyable rubber pad and supplying sufficient hydraulic pressure back 
of it, the rubber could be forced without adjustment to become a mating 
die for any punch or group of punches which might be placed on the die 
slide or base plate. As shown in Fig. 369, a number of soft steel, zinc 



Fig. 370. — An alloy-aluminum wing rib and blank with Masonite punch for use in 
rubber die forming. {Courtesy Douglas Aircraft Co.) 


or plastic board male punch plates may be placed in any convenient 
positions on the die slide and aluminum blanks layed on top of them. 
The loaded die slide is moved automatically into the proper position 
under the press ram, and the rubber mattress in a confining ring of iron 
or steel is driven down over the whole area. This forces each sheet- 
metal blank to conform closely to the exposed profile of its punch for 
the confined rubber is substantially incompressible. Average pressures 
up to about 1500 or 2000 psi seem adequate for the bulk of the forming 
(principally bending) operations performed on alloy aluminum up to 
Ke in. thick in this way. Various tricks are used as required to localize 
more pressure as by adding a bit of plastic or harder rubber at critical 
points. 

*U. a Patents 2,055,077, 2,133,445, 2,190,659. 
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Fig. 370 shows at the bottom a typical formed part of alloy alumi- 
num, in the center a forming member or punch as used in the rubber die 
presses and, at the top, the blank required. In many cases such blanks 
are routed out for the limited quantities required: — A template is pre- 
pared by screwing down to a straw-board plate a set of different blanks 
arranged closely to get maximum economy out of the metal-sheet size. 
On another synthetic wood plate a stack of aluminum sheets are screwed 
or clamped firmly to be cut up. A pantograph routing machine follows 
the template and cuts the stack into blanks using a little two-blade 
milling cutter motorized for several thousand rpm. The forming punch 
in this illustration is made in two parts of Masonite, a dense and durable 
synthetic wood. The lower portion is lifted to get the forming up into 
the rubber better. The upper portion is cut out to the contour of the 
part in wood-working tools and possibly coated with a soluplastic resin 
to improve surface hardness, oil resistance and wear resistance. The 
forming edge has about a Me in. radius and is undercut at about an 
8° angle for such work, to permit overbending for approximate spring- 
back compensation. The notches in the blank assist in rubber bending 
and especially in avoidance of wrinkling in bending around an outside 
arc contour as there is no blank-holding action. The plastic sheet 
stock is also used as a backing for tliin sheet in.) carbon-saw steel 

or chrome-vanadium steel, unhardened, for temj)orary blanking dies 
for soft metals. 

Highlighting both diversified production equipment and the rubber 
die method are the great presses in Figs. 371 and 369. Obviously inex- 
pensive die members just described, which do not require mating mem- 
bers, may be set-up with extreme ease be it for ten or a hundred 
pieces. A crew of 18 to 24 serve the six-die slides, arranging the forming 
punches, placing blanks in position on them and locating auxiliary bits 
of steel and rubber to aid in the forming. As each die slide is loaded 
an operator pushes a button and a completely automatic electric traffic 
system takes over. The heavy slides are moved in to the working 
position without shock and in whatever order they are made ready. 
The oblong rubber mattress weighing about a ton and confined in a 
substantial holder, swings automatically into alignment with the partic- 
ular slide load to be formed. The ram descends and applies a pressure 
which has been adjusted to suit the particular grouping of jobs being 
run on the particular die slide. After the initial setting of the six pres- 
sure switches, this pressure selection is automatic, whatever the order 
in which loading of slides may be completed. Warning lights tell which 
slide will be the next in, if more than one are ready at once. Trans- 
parent plastic windows guard the working space. Earlier units used 
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one, two, three and four loading positions, but it was found that the 
six-slide equipment made the most economical use of the press invest- 
ment. The equipment is, of course, a self-contained unit with pumps, 
motors, controls, reservoir, cooling and filtering equipment, etc., ar- 
ranged for highly efficient and smooth cycle operation. 



Fig. 371. — A 2500-ton capacity Bliss Hydrodynamic Six-Die Slide Press for rubber 
die diversified forming operations. (Courtesy Douglas Aircraft Co.) 


It is obvious that the most economical results in diversified pro- 
duction will result from the use of equipment which is best suited to 
fast-changing and convenient, quick adjustment to suit a variety of 
limited quantity work. Hydraulic pressure adjustment for bottoming 
operations, hydraulic or pneumatic adjustment for blankholding pres- 
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sures in drawing and quick electrical adjustments of die space, speed 
change and possibly of stroke seem to be the ranking machine features 
for economy in small lots. Such equipment promises much for produc- 
tion of light-weight trains, special model automobiles, custom-built 
housing, home accessories, etc. 



CHAPTER XVI 

PLASTIC STATES, METALLIC AND NON-METALLIC 

Whereas the science of the Plastics ’’ is developing under the 
revealing though sometimes diffused light of organic and inorganic 
chemistry; the art dates back to the gum on the Indian’s birch bark 
canoe, and farther back to mud huts. Metallic*,, organic and ceramic 
materials, and combi natioiis of them, employ the mass-production 
method of dies or molds, with pressc^s in one form or another to impel 
plaskc flow. 

Commeicially, refers to the ability of certain useful materi- 

als to be pulled or pushed into useful shapes. Many metals, iron, 
copper, aluminum, nickel, silver and many of their alloys are plastic in 
their frozen or crystalline state. These and other metals, glass, silicones, 
natural and synthetic resins, etc., are plastic (forgeable, formable) in 
their heated or semi-fluid state. Other materials are plastic or shape- 
able when moistened with a suitable solvent as putty, plasticene and 
paper (moistened with water). The materials having characteristics of 
plasticity in these three plastic states are described, in order, sa^ crysto- 
'plastic^ therynoplastic and soluplastic. 

Thermosetting and solusetting materials should also be distinguished 
here as they interlock closely in many respects with plastic materials, 
but for practical purposes they lack plasticity. In general these are 
mixtures of fillers, flow aids and setting adhesives, powdered for mobility. 
In the presence of heat or a solvent they undergo a chemical reaction 
or change which solidifies or sets the binding adhesive. By reason of 
the chemical change they cannot be made plastic for further change of 
shape. Typical of thermosetting materials are the common phenolic 
resins (carbolic acid and formaldehyde) as the binder; mixed with a 
lubricating plasticizer and such fillers as wood-flour or asbestos for 
compression molding in heated dies; or impregnated into paper, cloth 
or plywood with alcohol or other solvents and then baked flat or to 
shape under similar heat and pressure. The sulphur reaction in rubber 
molding and the copper-tin reaction in the sintering (baking) of the 
molded powdered bronzes also qualify such processes as thermosetting. 
Portland cement as the binder with sand as filler and water as the solvent 
may typify the solusetting process. ‘‘ Cold molded ” electrical parts, 
plaster blocks, paints, etc., are widely different examples of solusetting. 

387 
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We should also distinguish the tenn “ cold-set materials as this descrip- 
tion is sometimes applied to thermoplastic materials, because after 
addition of heat to make them plastic they must cool to resolidify. 

Perhaps cohesion and adhesion are useful to help distinguish the 
plastics and the setting mixtures. In thermosetting and solusetting 
methods the added bonding agent or adhesive creates a surface attach- 
ment by means of chemical combination. Among the plastics, on the 
other hand, mutual cohesion of molecules (mon-atomic or complex) 
permits rearrangement and reestablishment of electro-magnetic bonds 
in the plastic range. 

Solubility. — Common salt, which might be described as soluplastic, 
will go into solution in water up to a certain percentage. Its molecules 
tend to disperse comfortably among the water molecules until they 
become crowded, when they crystallize out of a supersaturated solution, 
or until the water evaporates and they again cohere amongst themselves 
quite tenaciously. Gold and silver dissolve in each other (molten) in 
any percentage, but it is of interest that the intermediate alloys (when 
cold) are less plastic than either of the pure metals (Fig. 12, page 15). 
Iron carbide dissolves in iron up to 0.83 per cent. Substantially pure 
iron (deep drawing steel) is found to be plastic in cold woiking operations 
up to about 65 per cent reduction. Iron carbide dissolved in iron (dis- 
persed through it as pearlite) strengthens the “ steel by interference 
with slip-plane movement (Fig. 117, page 122, and Fig. 122, page 127) 
in the cold or crystoplastic range. Another interesting quirk of solu- 
bility is illustrated by Fig. 13, page 15. Up to 36 per cent of zinc dis- 
solved in copper (alpha brass) has considerable cold plasticity. About 
40 to 50 per cent of zinc dissolves in copper to make beta brass which is 
suitable only to hot forging (thermoplastic). Further increasing the 
zinc percentage results in a chemical compound Cu 2 Zn 3 which is too 
brittle for plastic working, either hot or cold. 

Temperature and Plasticity. — ^Many elements, compounds of ele- 
ments and mixtures (all of which must be distinguished) change as their 
temperature rises through more or less familiar states from solid, through 
plastic,^^ to liquid, to vapor and gas. Water, varying from solid ice 
to liquid (water) to steam, is familiar, but its moldability in the slushy 
stage is debatable, unless we consider snowballs and ice cream. Among 
the common “ thermoplastic ” hydrocarbons, the lowly paraffin candle 
will mold itself into some sad and droopy shapes on a hot day. How- 
ever, on a cold day the candle is not plastic and will break. T 3 q 3 ical of 
sortie synthetic molding mixtures, asbestos fibers or finely divided wood 
with pulverized thermosetting resins for binders and talc or oily lubri- 
cants as plasticizers, are mobile rather than plastic up to the time that 
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setting heat is applied. The mixed mass is hot plastic only during the 
extremely brief setting period. The speed of this reaction has delayed 
and complicated the application of thermosetting materials to injection 
molding. 



Fig. 372. — Plastic flow versus temperature, showing that some thermoplastic ma- 
terials may be worked through a wider and less sensitive temperature range than 
others, though possibly at a sacrifice of some other properties. {Courtesy The Dow 

Chemical Company.) 

Two periods of plasticity are noteworthy in some materials. Thus, 
commercially pure iron (deep drawing steel), aluminum, copper, nickel, 
lead and some of their alloys are of a sufficiently simple crystal pattern 
or arrangement so that they may be cold worked in the crystalline state 
below their annealing or recrystallization temperatures; and may be 
hot worked in the amorphous state of increasing atomic distances and 
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shifting inter-atomic bonds between the crystalline and fluid states. 
The limiting temperatures of this thermoplastic range may be relatively 
wide, as for beta brass, or relatively narrow, as for copper. And lead 
is normally worked in its hot range as it anneals at normal room tem- 

(Samples conoUhonedai TTF-SOX R.H.fbr24hrs,) 
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Fig. 373. — While breaking without distortion and with increasing elastic limit below 
100® F., Lucite shows considerable plastic range with some remaining elastic recovery 
when warmed up to 140® F. DuPont recommends 248° to 280® F. for simple forming, 
300® for multi-curve forming, 305® to 350® F. for compression molding and 370® to 
475® for injection molding. {Courtesy Plastics Dept.j E. /. I>uPont DeNemours & Co.) 

peratures. Note also that zinc, tin and magnesium are thermoplastic 
only, for practical purposes, as their crystal structures are too complex 
for appreciable slip-plane movement. However, tin anneals below 
room temperature and zinc and magnesium require comparatively 
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little added heat to give their atoms sufficient mobility for plastic change 
of shape. 

Among the synthetic resins, cellulose acetates and methyl metha- 
crylates are both thermoplastic, and the latter appear to have an appre- 



A 

Fig. 374. — Approaching crystalline brittleness with high elastic limit at 32° F. 
Lumarith (cellulose acetate) indicates increasing plastic range and decreasing elastic 
recovery as temperature rises. For such material, working temperatures recom- 
mended are: forming, 275° to 280° F.; compression molding, 260° to 390° F.; and 
injection molding 340° to 450° F. {Courtesy Celanese Celluloid Corp.) 

ciably wider hot-working range which gives the operators more handling 
time. Fig. 239 for metals and Fig. 372 for two types of thermoplastics 
show relative temperature plasticity relationships. See also Table XXI, 
page 262, for different steels. Below the hot plastic range the methyl 
methacrylates become brittle, Fig. 373, but the cellulose acetates, 
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Fig. 374, show a combination of elasticity and limited plasticity down 
below room temperatures. At room temperature, the elastic spring- 
back of the latter is so high as to offset most cold forming. Thus, 
within the elastic limit of the surface material, Lumarith (a cellulose 
acetate) may be bent to a radius of about 70 times the sheet thickness, 
whereas a deep drawing steel would be limited to a radius of about 
1100 times its thickness or one-fifteenth the spring-back. 

Elasticity and Plasticity — In both the cold plastic and the thermo- 
plastic range, elasticity and plasticity have considerable inter-relation 
with consequent interesting effect upon plastic working operations. 
In Figs. 15, 123 and 185 it was shown that the elastic limits of bronze, 
copper and steel are increased as the metals are cold-worked and strain- 
hardened. At the same time, the remaining plastic range of these 
materials becomes progressively less until annealing and recrystalliza- 
tion becomes necessary. The elastic movement is represented, of 
course, by the nearly vertical increase of load without appreciable 
yielding of the material. The subsequent substantial compression or 
stretch of the material with moderate change of applied force represents 
plastic movement. Fig. 14 is also of interest, showing the increasing 
elastic limit and decreasing crystoplastic range of plastic iron as non- 
plastic iron carbide increases. Now to return to the thermoplastic 
range. Figs. 373 and 374 show similar stress-strain curves for synthetic 
resins at different temperatures. The sudden termination in the elastic 
curves at the lower temperatures shows clearly their lack of plasticity in 
the crystalline state and the differences in their freezing points. Fig. 374 
shows the lowering elasticity and increasing amount of plasticity as the 
temperature increases, although it is not carried down to the producers 
recommended forming temperatures or to the semi-fluid injection mold- 
ing or die-casting temperature. The dip in the cooler curves (like that 
in Fig. 186) indicates a change of directional strain in the crystal struc- 
ture. The subsequent rise shows work hardening, and would be elimi- 
ftated by slower movement or sufficient time for stress relief. 

The Lumarith curves also indicated why the higher temperatures 
(275° to 280° F.) are recommended for forming. Obviously work 
hardening and resistance will be less and capacity for flow or rearrange- 
ment will be greater. Also, with a lower elastic range a lesser holding 
or stress relieving period will be required while molecules ease them- 
selves into a set in the new positions. To be sure, similar spring-back 
tendencies are found among the metals, but due to lower elasticity 
thereof they are neglected, or allowed for, or corrected. Thus in 
V-die bending operations a squeeze at bottom stroke sets up a compres- 
sive stress to counteract a remaining tensile strain in the surface fibers. 
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Modulus of elasticity^ being somewhat misnamed, is sometimes mis- 
leading. It is rather a modulus or measure of rigidity. The modulus 
of elasticity for the metals is up in the millions; for synthetic plastics, 
many times more elastic than steel, it is down in the hundred thousands ; 
and for the rubbers, stress-strain curves indicate it is way down in the 
hundreds. Even when the modulus is constant as for the steels, the 
maximum stretch or elastic deflection (elastic hmit modulus of elas- 
ticity) may vary widely as between an annealed iron and a dispersion 
hardened tool steel. Fig. 14. Here again deflections are materially 
greater, though widely variant, among the synthetic plastics, and great- 
est among the related elastomers. 



Fig. 375. — Increasing specific gravity of vinylidene chloride during recrystallization 
from the mixed arrangement of the worked thermoplastic state (1.66) to the close 
and orderly packing of the crystalline state, improving further with time for crystal 
grain growth. See also Fig. 180. {Courtesy W. C. Goggin, R. D. Lowry^ The Dow 

Chemical Company ,) 

Structure and Plasticity. — Pure metals and solid solution alloys, 
such as alpha brass, are monatomic, one atom per molecule. Com- 
pounds combine several atoms per molecule. Thus, iron carbide FesC 
combines 3 iron atoms and one carbon atom into a molecule. Cellulose 
triacetate C 6 H 702 (C 00 CH 3)3 combines 12 carbon atoms, 16 hydrogen 
atoms and 8 oxygen atoms into a complex molecule ha\dng a molecular 
weight nearly six times that of iron yet so large and spaced so far apart 
that a given volume weighs less than one-sixth of the same volume of 
iron. Freezing into crystalline form, the intermolecular forces tend to 
establish an orderly and balanced arrangement. Fig. 117, page 122. 
In discussing the metals, it was pointed out that this orderly arrange- 
ment may be disturbed and unbalanced to the extent permitted by the 
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(crysto) plastic range of the material. Internal stresses may then be 
relieved and orderly crystal structure restored, Fig. 127, page 135, and 
Fig. 180, page 199, by annealing or adding heat so that electronic energy 
or activity increases to such a point as to rotate the molecule again into 
proper relation with those around it. The orderly internal structure 
of an annealed metal makes it denser than in a disturbed, cold- worked 
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Fia. 376. — Time required at different temperatures to cause recrystallization or 
inter-molecular stress readjustment of vinylidene chloride (Saran). This recrystal- 
lization range is typical also of the metals. {Courtesy W. C. Goggin^ R. D. Lowry^ 
The Dow Chemical Company.) 

metal. Similarly Fig. 375 shows that recrystallization of a worked 
thermoplastic resin (vinylidene chloride) also increases its density. 

Recrystallization temperature is affected to some extent by the 
time allowed (Fig. 376) and section thickness. As the temperature is 
raised above the recrystallization range and into the forging or hot- 
working range, annealing soon becomes practically spontaneous so 
that only mechanical considerations (ease and freedom of movement) 
limit the extent of working. Atomic activity has then reached a point 
permitting molecular masses to be moved about quite freely although 
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not yet so fluid (molten) as to flow by gravity. This freedom of molecu- 
lar rearrangement in the thermoplastic range has also been referred to as 
the amorphous state. 

Pressure-welding of powders of thermoplastic materials, both metallic 
and organic, takes advantage of intermolecular attraction for bonding 
purposes. Distinction should be noted between such pressure-welding 
of similar fragments and the bonding of powder mixtures in which some 
powders are bound together by other constituents introduced as ad- 
hesives or binders. 
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Fig. 377. — Improvement in density as molybdenum powder is cold pressed at 60,000 
I)si then " sintered ” above its recrystallization temf)erature to permit improvement 
of inter-atomic relations, then i)lastically worked by swaging and wire drawing with 
intermediate annealings to correct inter-atomic strains. {Courtesy C. G. Goelzel, 
Arner. Electro Metal Corp. and American Society for Metals.) 


The four essentials of pressure-welding are : intimate contact of dean 
particles at suitable temperatures within their thermoplastic range and 
for sufficient time. Fig. 376, to permit adjacent atoms or molecules to 
improve their relative alignment and establish cohesive forces as a 
bond. Such pressure-welding can occur almost instantly between 
particles of a steel shaft in a steel bearing or of a steel sheet in a steel 
draw die when the insulating film of lubricant breaks down. Pressure 
above the yield point of the material assures intimate contact. Further 
improvement may be accomplished by mechanical working of the mass, 
forging granules into even more uniform compactness and filling cavities 
which molecular or atomic forces could not close. Oxidation of surfaces 
forms an effective barrier against forming molecular bonds and accord- 
ingly a protective atmosphere or enclosure is usually required during 
the welding or sintering period. 
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Where porosity is desired the particles need only join at random 
points of contact. However, voids among the cohesive particles may be 
reduced by pressure or substantially eliminated by plastic working 
during or between applications of heat sufficient for recrystallization. 
As lead and tin recrystallize below atmospheric temperatures, it is 
reported that their powders may be pressure welded without added heat 
at pressures down to 500 psi. Tungsten is an outstanding commercial 
example of converting from powder to practically flawless, ductile 
wire though temperatures are necessarily extremely high. 


Table XXIIIa 

COPPER AND IRON, FROM POWDERED METALS* 

Stages in improvement of properties with exi)erimental alternate compression 
and recrystallization: 


Copper 

Density 

Brinell 

Ultimate 

Elongation 

g./cc. 

Hardness 

Tensile, psi. 

in 2 In., % 

Pressed, at 50 tons/sq. in. 

7.47 

73 

970 

0 

Sintered, at 1470° F., 8 hr. 

7.90 

34 

16,000 

9.5 

Re-pressed, at 50 tons/sq. in. 

8.39 

70 

22,200 

4.0 

Re-sintered, at 1470° 8 hr. 

8.37 

39 

25,500 

17.0 

Cold-rolled, 25% reduction 

8.33 

97 

37,300 

4.0 

Reannealed, after 25% reduction 

8.35 

39 

17,000 

16.5 

Cold-rolled, 50% reduction 

8.57 

109 

44,400 

2.5 

Reannealed, after 50% reduction 

8.59 

41 

24,600 

22.0 

Cold-rolled, 75% reduction 

8.80 

117 

49,000 

1.0 

Reannealed, after 75% reduction 

8.82 

44 

32,700 

27.5 

Iron 





Pressed, at 50 tons/sq. in. 

6.23 

69 

470 

0 

Sintered at 1830° F., 8 hr. 

6.68 

47 

27,000 

10.0 

Repressed, at 50 tons/sq. in. 

7.27 

67 

30,500 

4.0 

Resintered at 1830° F., 8 hr. 

7.23 

63 

34,900 

20.5 

Cold-rolled, 25% reduction 

7.39 

107 

50,500 

2.0 

Reannealed, after 25% reduction 

7.40 

63.5 

30,600 

15.5 

Cold-rolled, 50% reduction 

7.67 

133 

63,000 

1.0 

Reannealed, after. 50% reduction 

7.69 

68.5 

32,800 

21.5 

Cold-rolled, 75% reduction 

7.74 

161 

77,700 

0 

Reannealed, after 75% reduction 

7.76 

68.5 

33,800 

26.0 


♦ From " Plastic Deformation,” C. G. Goetzel, Amer. Electro Metal Corp. in Powder Metallurgy, 
A.S.M.» Cleveland, 1942. 
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Fig. 377 indicates the progressive steps in the conversion of molyb- 
denum powder to drawn wire four times as dense. The density is 
plotted to show elimination of voids and gradual approach toward 
perfect atomic packing of the crystal space lattice. Along similar 
lines and more familiar to sheet-metal workers are the comparisons 
in Table XXIIIa in which are shown experimental steps and changes 
of properties in conversion of copper and iron particles to ductile form. 

Fig. 378 shows how electron activity and intermolecular ties, chang- 
ing with temperature, affect the mechanical strength of a typical “ pres- 



Fig. 378. — As in the metals, strength of vinylidene chloride tubing remains sub- 
stantially constant in the crystalline state but is reduced with increasing temperature 
in the amorphous or thermoplastic range. {Courtesy John Belmonte, Plastic Indus- 
tries Technical Institute, Machine Design,) 

sure-welded ” thermoplastic. The material is a synthetic resin, vinyl- 
idene chloride polymer, extruded from heated powder and stretched 
into tubular form. The solidly frozen crystalline state exists below 
about 30° or 40° F. As the temperature increases, the material becomes 
softer and more easily changed in shape. Methods of producing the 
rean permit varying it “ from a flexible, moderately soluble material 
having a softening p)oint of approximately 158° F. to a hard tough 
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thermoplastic having a softening point of 350° F. or more/^ Softening 
points here refer particularly to an approach to fluidity favorable to 
compression and injection molding. 

Creep. — In Fig. 378 compare the range of softening or decreasing 
strength with the range of increasing creep for the same and other ma- 
terials in Fig. 379. Here, cantilever beam specimens of several thermo- 
plastic resins and one thermosetting resin, acting as a binder in a fibrous 
laminating material, were stressed for four days at 1000 lb. per sq. in. 



Fig. 379. — Five thermoplastic materials show increasing rate of creep as they pass 
recrystallization temperatures. The rate remains more constant for thermosetting 
phenolics up to deterioration temperatures. Load and time were constant. {Cour- 
tesy John Delmontef Plastic Industries Technical Institute^ Machine Design.) 

j3aaximum fiber stress, followed by four days of recovery. Creep and 
.the thermoplastic state are obviously coexistent, for when the intermolec- 
ular forces are weakened even in the lower part of the range, a moderate 
force acting over a sufficient time will gradually cause change of shape in 
excess of elastic recovery, i.e., permanent set. Lead pipe and lead 
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roofing creep in the course of years, for lead is also in the lower part of its 
thermoplastic range at atmospheric temperatures. 

Rate of creep in thermosetting materials is more constant (Fig. 379) 
up to limiting temperatures (about 212° F.). Fig. 380 showing time 
and creep relations for a laminated phenolic thermosetting material 
would also seem to indicate an ultimate decrease in the rate of creep. 
Although tliis might be traceable in part to taking up slack or better 
alignment of fiber chains per Fig. 382 and Fig. 383, the coincidence of 
time at different loads might also .suggest a time limit on the stability 
of the plasticizer used in this mixture. 



Fig. 380 . — Creep of a canvas base laminated phenolic thermosetting material at 
two different loads. {Courtesy Westinghouse Electric and Mfg. Co.) 


Speed in Thermoplastic Flow. — Between the solidly frozen crys- 
talline state and the fluid molten state, the flow of thermoplastic ma- 
terials (metallic or organic) varies from creep, comparable to glacial 
movement, to the almost turbulent flow of injection molding. In 
Fig. 381 tests were run at two different testing machine speeds (slow 
compared to commercial operation) which illustrate effects of speed 
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upon elongation (see page 209) and upon strength which, of course, 
is also the resistance the material offers to flowing or changing its shape. 
Fig. 233 on page 263 shows again that resistance increases with speed 
in the thermoplastic range up to a certain point. At any particular 
temperature this variation depends upon the time required to stress- 
relieve or equalize the bonds between molecules as indicated in Fig. 376. 
The work done upon these bonds in forced change of shape generates 
heat in proportion to the speed. Extrusion from a cold slug, of the 
copper tube at 12, page 247, although unsuccessful at slow speed, works 
commercially in fast crank presses because sufficient internal heat is 



Fig. 381. — At temperatures within the thermoplastic range (of methyl methacrylate) 
increased testing speed results in higher yield point, greater resistance to plastic flow, 
and greater elongation to point of fracture. From DuPont “ Lucite data. 


generated to correct interatomic strains and turn out substantially 
annealed material despite about 1000 per cent elongation. Speed 
is also essential in many hot-forging and plastic-forming operations, as 
of Lucite bomber nose sections, to complete the operation before the 
blank chills. In other cases toward the lower end of the plastic tem- 
perature range, speeds of severe forming operations may have to be 
reduced to avoid fracture by permitting stress-relief to keep up with 
the strain applied. 

Pol 3 rmers. — The organic chemistry of synthetic resins is interesting 
in the multiplicity of ways in which a few elements, principally carbon, 
hydrogen and oxygen can be put together into different molecules, 
strings of molecules and mixtures of molecules. Of the three most 
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common elements, an atom of carbon may be represented as bolding 
out four hands to grip desirable associates, whereas hydrogen has only 
one hand and oxygen two. Thus molecules of water (H2O), methane 
or marsh gas (CH4) and methanol or wood alcohol (CH3OH) may be 
represented respectively : 

H H H 

1 1 ! 

0 H— C— H H— C— O— H 

1 1 I 

H H H 

All these are satisfied atoms having no unoo(aipied hands. However, 
as the combinations become more and more complex some are found 
among the synthetic plastics which leave an unoccupied hand extending 
here and tnere for cnemi^.al attachment tc reasonably attractive adjacent 
molccnles. The methods of inducing molecules to string together, thus 
in chain form, has been christened polymerization. It is a great help 
in developing properti'"- suitable to tubes, threads and rubbers. The 
natural rubber molecule, CsHg or isoprenc, clasps hands in polymer 
groups of up to 4000 molecules, and the larger the group, the more 
elastic is the material. 



Undreiched Sfrekhed 

Unorienfed Orienfed 

tS. 6'fQOOO Ib.persq. tn, T.S 30^60^00 lb, per sq. in. 

Impact • Low Impact 'High 

Flexibility Low Flexibility- High 

Fig. 382. — Diagrammatic representation of orientation by mechanical working of 
molecule chains of polymerized vinylidene chloride. {Courtesy W. C. Goggirif 
R. D. Lowry y The Dow Chemical Co.) 

Oriented Polymers— By the mechanical stretching, rolling or other 
directional working of materials made up of groups of such chains of 
molecules, the mechanical properties are advantageously affected as in 
the production of Nylon thread. Interesting illustrations of vinylidene 
chloride polymers presented by Goggin and Lowry ^ are shown in Fig. 382 
to 384. In Fig. 382 they indicate that the lining up or orientation of 

1 Vinylidehe Chloride Polymers,"' W. C. Goggin and R. D. Lowry, American 
Chemical Society, March 18, 1942. 
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chains accomplished by a 400 per cent elongation or equivalent 80 per 
cent reduction in area increased the tensile strength of the material 
in the neighborhood of 400 or 500 per cent. Fig. 383 represents the 
increase of strength of small section filaments as they are stretched. 
Comparison of the sharp rise at the end of the curve with those for 
copper, Fig. 123, and for aluminum, Fig. 124, suggests strain-hardening 
in the mechanical working of the oriented crystal chains. 



Per cenf total elongation 


Fig. 383. — The stress-strain relation, accompanying Fig. 382 for Saran monofila- 
ments, probably represents chain alignment during the horizontal portion and strain 
hardening as in the metals, during the subsequent rise. (Chart, courtesy W. C. Goggin^ 
R. D. Lowry, The Dow Chemical Co.) 

X-ray diffraction studies of Saran, Fig. 384, show at A the random 
light distribution of the material in the amorphous or thermoplastic? 
state, at B the ring distribution of the general crystal structure and at 
C the crystal pattern of the oriented structure. In connection with 
these illustrations of increasing directional strength by orientation, 
it is interesting to refer to metals again. As was pointed out in Chap- 
ter II, the force to pull two atoms or molecules directly apart is far 
higher than familiar tensile strengths, whereas the force to cause 
diagonal slippage along planes of weakness between layers of atoms in 
orderly crystal pattern becomes less and less, as boundary interferences 
are eliminated. Thus, a J4“in. bar of copper annealed to the state of a 
angle crystal may be bent in the two hands. But, cold-worked to the 
upper end of its plastic range, its yield point rises above 60,000 or 70,000 
lb. per sq. in. A 0.15 C steel with an annealed yield point of 55,000 psi. 
or less may be cold-worked to a yield point over 110,000 psi. In wire 
drpiwing such a steel. Table XVIII, the directional working, in the 
presence of work generated heat (which may readily bring the whole 
small section up into the thermoplastic recrystallization range) appar- 
ently results in a combination of preferred orientation and strain harden- 
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ing, bringing the tensile strength (and yield point) up in the neighbor- 
hood of 250,000 psi. 

Among engineering materials it seems wise to distinguish the half 
dozen states of internal bonding with which we must deal: pure elements , 
such as iron (Fe), copper (Cu), carbon (C), oxygen (0); uniform com- 
pounds made up of atoms of tw^o or more elements fixed in definite ratio 
such as iron carbide (FcsC), water (H2O), sulphuric acid (H2SO4); 
variable compounds, such as the phenolics, cellulose acetates and other 
synthetic resins, in which properties may be varied appreciably by 
developing in varied proportion two or more closely related complex 
molecules made up in similar ways from the same elements like cellulose 
triacetate (^6117^12 (COOCHs/a and cellulose tetra-acetate CeHeO 
( 0000113 ) 4 ; solutions of ctemsnls, such as the brasses, in which various 
pi'iportlons of zinc atoms (Zri) disperse amongst copper atoms (Ou); 
solutions of compouuds, su( n as salt (NaCl) dispersed in water (H2O), 
water in cellulose acetate phenolics in alcohol ; increasingly important 
ynixtures or allo^^s or trade name recipes, which combine elements, 
compounds and/oi solutions, often limited in proportion by mechanical, 
rather than chemical considerations. 

Mixtures. — From familiar clam chowder to alloy iron castings, 
useful mixtures take on characteristics of their components and even 
assume characteristics desirable beyond any of their components. 
Modern engineering materials have assumed variety often more intricate 
than clam chowder, 

CavSt iron is a mixture typical of the varied possibilities which the 
name implies. Many recipes are cooked up, containing various propor- 
tions of ferrite, atoms of pure ductile iron, Fe; molecules of iron car- 
bide, FesC, a hard, brittle compound known also as cementite; pearlite 
which is a solid solution of iron carbide in iron; free carbon or graphite; 
plus pinches of sulphur, phosphorus, silicon and possibly chrome car- 
bides and nickel. Like the organic plastics,'^ the properties of this 
mix vary widely according to the requirements and the skill of the 
cook. Tensile strength ranges from 10,000 psi. for a sash weight iron 
to 80,000 psi. for a heat-treated crankshaft iron. Compressive strengths 
may run to double or more which is quite characteristic of mixtures, 
whether they are organic, ceramic, metallic or what-not. Perhaps we 
may let it go for the moment that the color pigments, plasticizers, econ- 
omy fillers, hardening and reenforcing agents which often go into mix- 
tures, may cooperate successfully with binders or adhesive components 
in compression, but are unlikely to do so efficiently in tension. 

Organic, ceramic and metallic groupings of engineering materials are 
not the arbitrary divisions they seem to be at first. The same common 
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elements bob up here and there all through them. Carbon which may 
be soft as smoke or hard as a diamond, forms nearly 90 per cent of the 
molecular weight of rubber, CsHs. It becomes transparent as a large 
component of Lucite, Lumarith, Cellophane and others which stem 
from wood, cotton and coal. Among the hard synthetic cutting tool 
and die materials, it appears frequently both as carbides among the 
hard fillers and in the soft to brittle binders or adhesives. Aluminum, 
a metallic element, is compounded naturally in clay and rubies. It 
reappears alone or with oxygen or other flavorings, as planes, pots, 
dishes, tiles, glass and carborundum all of wliich have in common that 
they may be mass produced for the mass welfare with machine push 
and heat. 

The chemistry of all these things can become quite complicated, 
bi:i as their chemistry is usually not essential to the actual working of 
the expanding realn. of engirieering materials, the effort has been to give 
only enougii of the basic chemical data for an appreciation of the group- 
ings. The suppliers of the pig, sheet and powdered materials can 
furnish up-to-date phy^sir^al data, etc., on their various compounds and 
alloys. Some data is listed in Table XXVII6 and c in the Appendix, 
but this is necessarily subject to alteration and expansion. 

Table XXIII6 lists a few of the alloying ingredients of commercially 
useful engineering materials. Instead of the elements and simple 
compounds which are combined to make up most metallic alloys and 
mixtures, we may start with complex materials for which it is not yet 
feasible to write a chemical formula. The arbitrary division of fillers, 
adhesive agents and lubricants and their subdivisions may be indefinite 
and overlapping in spots and the same elements may recur here and 
there in different combinations. Chemical research has shown thou- 
sands of possible combinations and commercial practice has found hun- 
dreds of these to be competitively useful. Changing relative material 
costs, heating costs and handling costs in conversion to satisfactory 
shapes determine selections which are, therefore, also subject to frequent 
change. A few more typical mixtures may be of interest before going 
into grouping the methods of conversion. 

Cements. — That general term has come to cover a variety of adhe- 
sives familiar to the layman by function. Their natural ancestry goes 
back to the clay-bearing muds and natural plasters which were reen- 
forced with twigs or straw for pagan mansions. Ordinary white plaster 
on our walls is an interesting and chemically simple solusetting com- 
pound: 


CaO + H 2 O = Ca(OH )2 
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Table XXIIIb 


SOME COMPONENTS OF SYNTHETIC MIXTURES 
FILLERS 


FOR BULK 


FOR HARDNESS 

Wood pulp 


Iron carbide 

Wood flour 


Chrome carbide 

Asbestos 


Tungsten carbide 

Marble flour 


Tantalum carbide 

Sand 


Titanium carbide 

Gravel 


Iron nitride 

Macerated cloth 

• 

Chrome nitride 

Mica 


Vanadium nitride 

Jute 


Carborundum 

Kapok 


Alundum 

Hemp (sisal) 


Crystolon 

Flax 


HEAT, WATER 

Ground cork 


RESISTANCE 

Powdered rubber 
Lead (powdered) 
Cotton flock 

Walnut shell flour 
Soybean meal 


Asbestos 

Graphite 

Tungsten 

Slate flour 

Mica 


FOR REENFORCEMENT 

Wood plys 
Papers 

Fabrics (strip, macerated) 
Metal rods 
Metal mesh 
Glass fabric 
Straw, etc. 

Rayon 

Asbestos 

Felt 


OR CHEMICAL 


Whiting (calcium carbonate) 
Barytes (barium sulphate) 
Diatomaceous silica 
FOR APPEARANCE 
Metallic pigments 
Powdered copper 
Powdered aluminum 
Zinc oxide 

Calcium sulphide (fluorescent) 

Lithopone 

Organic pigments 


ADHESIVES 


THERMOSETTING 
Phenol-f ormaldehyde 
U rea-f ormaldehyde 
Melamine-formaldehyde 
Aniline-formaldehyde 
Casein-f ormaldehyde 
Phenol-furfural 
Phenol-lignin 
Columbia resin 39 
Rubber — sulphur 
Shellac 

= i“n} “ 

THERMOPLASTIC 
Phenol-a cetone 
Cellulose acetate 
Cellulose nitrate 
Ethyl cellulose 
Cellulose acetate butyrate 
Methyl-methacrylate 
Acrylic 
Vinyl acetate 


THERMOPLASTIC {Continued) 
Vinylidene chloride 

Asphaltum 
Gilsonite 
Cobalt I 

Iron > as binders for carbides, etc. 
Copper J 
Glue (hide) 

SOLUSETTING 

Plaster 

Cement 

Paint oils (for pigments) 
SOLUPLASTIC 

Most thermoplastic and thermo- 
setting resins (especially prior to 
setting) are soluble in various 
chemicals. 

Casein 

Magnesium sulphite 
Calcium sulphite 
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Table XXIII 6 {Continued) 


PLASTICIZERS 

(intermollecular or intergranular) 


FOR FLOW LUBRICATION IN MOLDING, 
FOR FLEXIBILITY IN SHEETS 


Water (in most paper) 

Glycerol 

Castor oil 

Tung oil 

Waxes 

Opalwax #10 
Dibutyl phthalate 
Diethyl phthalatt^ 
Diotvl jihthalatc' 
Tricresyl phosphate 
Monoplieriyl phosphate 
C hloriiiated diphenyl 
Fractol A 
Flexol ;iGH 


Theop 

Santicizer M-17 
Diethyleiie gb^col dipropionate 
(KP-45) 

Diethylene phthalate 
Dimethyl phthalate 
Tripropionate 
Triacetin 
Triethyl citrate 
Di butyl tartrate 
Talc 

Sterate of zinc 

Graphite 

Sf-ficite 


Lime + water ^ eaicium hydroxide, which is not yet plaster, but 
it is the worKabL or voidable state in which it is troweled up on the 
walls. There it sets by reason of a chemical change which requires 
taking in carbon dioxide, (X)2, from the surrounding air and dissipating 
moisture, H2O, to the air: 

Ca(OH)2 + CO2 = CaCOs + H2O 
Calcium hydroxide + carbon dioxide = plaster + moisture 

The builder’s bonfire is needed both to bolster the supply of CO2 
and to help dry out the moisture. Natural plaster is the chalk of the 
white cliffs of Dover. When lime is mixed with asbestos, which is 
aluminum magnesium silicate, water is added to make plaster the adhe- 
sive in a furnace-coating material. 

Concrete is a typical useful solusetting mixture. Substantial propor- 
tions of sand and stones serve as fillers which are cheap and strong in 
compression. Steel bars are added, as reenforcement, in suitable posi- 
tions where tensile strength must be considerable. The adhesive ce- 
ment ” is cooked up from suitable natural rock deposits and is in itself 
a mixture of several elements which set,” in a reaction typified by that 
of plaster, but complicated by variety so that it is doubtful if the chem- 
ists could write down just what does happen. Powdered iron, copper 
and aluminum are used in concrete for various special purposes. The 
aluminum powder with slightly alkaline water is said to generate hydro- 
gen and form a light insulating sponge-concrete. The cheaper color 
pigments such as carbon black and metal oxide earths may also be 
included. 
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The mixtures which follow are characterized by fillers which feature 
hardness for cutting qualities or for heavy-duty dies. Thus, for abrasive 
cutting, hard crystalline particles of Carborundum brand or Crystolon 
brand, silicon carbide are commercially bound together with such 
varied adhesive agents as rubber, phenolic resins, ceramic clays or 



Fig. 385. — As the proportion of water molecules dispersed among cellulose acetate 
molecules increases toward saturation, the plasticizing effect reduces the resistance 
to plastic flow and increases the plastic range. {Courtesy Celanese Celluloid Corp.) 

shellac which is a resinous insect secretion. Tool steels might be de- 
scribed as hard iron carbide, chrome carbide and possibly others in a 
matrix of iron as the adhesive. A species of thermosetting reaction, 
familiar as Nitriding, produces hard surfaces of iron nitride, chrome 
nitride and vanadium nitride by mixing ” nitrogen gas and chrome 
vanadium steel at suitable temperatures. Hard tungsten carbide, 
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tantalum carbide or titanium carbide with up to 20 per cent of cobalt 
as the binder will stand exceptional cutting pressures or compressive 
loads, but have their shortcomings in tension. Cold-forging and head- 
ing dies made from them require shrunk steel bands or other preloaded 
reenforcing members to protect them from tensile failure. The fore- 
going mixtures are pressed to shape from powder form and then sintered 
(baked at suitable heats) to plasticize or set the binder. 



0 K) 20 50 40 50 60 TO 80 <» IOC 
Relative humidify, percent 


Fig. 386. — Change in dimension between dry and water-immersed Lumarith indi- 
cates the small amount by volume of water which goes into solution at saturation. 

{Courtesy Celanese Celluloid Corp.) 

Papers are mixtures with widely contrasting properties to those just 
mentioned. They are of interest because pressure and dies are used 
more and more to cut and form them into useful shapes. In many 
applications, papers of varying quality and possibly cross-creped or 
gathered to improve their forming range, serve as the reenforcing me- 
diiun, with or without other filler in many “ laminated ” sheets and 
shapes with phenolic, urea or melamine thermosetting resins as binders 
or glues. Paper is likely to be a mixture of organic and inorganic, 
vegetable, mineral and synthetic constituents. It starts, as a rule, 
with a suitable wood pulp broken down into clean cellulose fibers and 
mixed with water-soluble adhesive agents which may also serve as a 
size to offset absorbent tendencies; and be further mixed, impregnated 
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or coated with thermosetting or thermoplastic adhesives, coloring 
matter, surface coatings and plasticizing or waterproofing waxes. The 
added materials may include starch, casein, various clays, bleaching 
powder, barium sulphate (to fix whiteness), asphaltum, alum, animal 
glues, natural rosin and various synthetic plastics. Thus, the elements 
in paper may be C, H, O, Ca, B, Cl, Ba, Al, etc., indicating the possible 



Fig. 387. — Variation of moisture content by weight in several different papers as 
relative humidity varies from dry to nearly saturated. {Courtesy The Foxboro Co.) 

complexity of reactions. Depending upon the choice of constituents 
in the mixture, paper may combine properties so that it is both solu- 
plastic and thermosetting. This combination permits softening the 
soluble binder in the paper or layers of paper with a proper proportion 
of moisture to permit stretching or forming to the desired shape, then 
curing at suiBScient temperature to dry and to set the resinous binder, 
and under sufficient pressure, to assure intimate contact of layers. 
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Plasticizers. — In mixtures, plasticizers, such as those listed in 
Table XXIII6, might be described as integral or internal lubricants. 
In powder mixtures^ they give greater mobility and easier flow through 
passageways and molds. For use with ethyl cellulose one authority 
recommends that a plasticizer be added in the proportion of 10 to 20 



Fig. 388. — The effect of the plasticizer upon the binder through a part of the rela- 
tive humidity range is reflected in varying comparative properties of a paper. {Cour- 
tesy The Foxhoro Co.) 

per cent for compression molding, 15 to 30 per cent for injection molding 
and 25 to 50 per cent for extrusion mixtures. In sheet materials^ about 
5 per cent by weight of water in paper keeps water-soluble binders soft 
enough to avoid brittleness. Cellophane, a cellulose sheet, which 
would tend to brittleness if dried, is dipped in glycerol, absorbing up 
to 7 per cent of it for flexibility and holding it in a solution relation of 
spaced molecules. Water also goes ‘'into solution’^ in some of the 
thermoplastics improving their plasticity as indicated by elongation 
and, reducing their resistance arid elastic limit at the given temperature 
as shown in Fig. 385, Expansion of the cellulose acetate as water 
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goes into solution in it from minimum to maximum content, is 
shown in Fig. 386. Even at 100 per cent R. H. (relative humidity) 
the total amount of water which will dissolve or disperse in cellulose 
acetate is small, but in view of the great difference in molecular weights 
the ratio in molecules of each at saturation is not so low. That is, there 
may be one of water spaced among four or five molecules of cellulose 
acetate. The effects of this inclusion or solution of a fluid compound 
in or dispersed through the structure of a less mobile material may help 
in visualizing the function of the plasticizer. 



Fig. 389. — Loss or dissipation of several plasticizers out of combination with com- 
pression molded plastics: upper curves show percentage loss by leaching or dissolving 
into surrounding water at 104° F, ; lower curves show loss by evaporation into air, 
accelerated at 149° F. Plasticizers tested: open circles, dibutoxyethyl succinate in 
vinyl chloride acetate copolymer (87%); filled circles, same in polyvinyl butyral; 
triangles, dibutoxyethyl fumarate in polyvinyl butyral; squares, glycidyl esters of 
babassu oil in polyvinyl butyral. (Courtesy U. S. Western Regional Research 

Laboratory.) 

Although water is the vital plasticizer in most papers. Fig. 387 (and 
wood), it is erratic in its tendency to evaporate and dissipate or return 
as the relative humidity of the surrounding atmosphere decreases or 
increases. It is easy to make a paper brittle by over-drying. Fig. 388 
but it is more difficult to restore pliancy throughout the paper. Perhaps 
this is because to get H 2 O molecules into the inner structure it would be 
necessary to use so much moisture on the surface as to dissolve out 
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fillers and binders among the surface fiber chains. Absorption and 
dissipation of atmospheric moisture by many mixtures has a sometimes 
troublesome tendency to carry off small amounts of soluble plasticizers 
and binders. 

Among plastics (synthetic woods) water is generally an incidental 
and uninvited plasticizer, and in a few cases is not taken up at all. Alter- 
natives include certain oils, talcs, waxes and their chemical equivalents 
as suggested in Table XXIII6. The ideally stable plasticizer. Fig. 389 
would be unaffected by atmospheric or molding temperatures or by 
oxidization, or otherwise subject to dissipation or disintegration due to 
acids, alkalies or other materials with which it may come in contact. 
The chemical reactions of the constituents of any composite material 
with its surroundings promises to continue to be a major problem for 
the chemists, lleferring to the use of molded plastics in contact with 
various liquids or parlies a. leading molder warns, “ Although the general 
effects of the better known reagents on the molded materials arc given, 
it is surprising and at times embarrassing to see the havoc that can be 
created when a seemingly innocent little stranger slips into the contact- 
ing material.^’ 

Pressure Forming. — This is the economical mass production method 
and now appears applicable to a tremendous variety of elements and 
combinations of elements in the expanding picture of engineering mater- 
ials. As the fundamentals of many arts become common knowledge, it 
develops that a comparatively few basic working principles apply 
whether the materials are ceramic clays, glasses, plasters; organic 
woods, fibers, rubbers, synthetic resins; metals new and old in whatever 
form; or the various intercombinations of these several groups. The 
presentation of compositions, physical properties and temperature- 
pressure relations in the several states of plasticity and fluidity attempted 
in the Appendix, Tables XXVIIa, b, and c, shows many present gaps. 
As the data accumulates, however, the methods of economically moving 
the material into required shapes need offer no great difficulty. 
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MOLDING AND FORMING 

The list of materials, both simple and complex, which are presently 
passing through their chemical and physical adolescence into utilizable 
engineering materials, reduces those which were familiar at the turn 
of the century, at least to a numerical insignificance. The most complex 
are nature^s recipes, the wood, stone and clay whicii have been whittled, 
pounded or molded to useful shape by rule-of-thumb methods through 
the ages. The newest are the synthetic alloys and mixtures which, by 
the substitution of orderly science for art, have been made available 
and tractable for the greatest good of the greatest number. As the 
fog of experimental manufacture lifts from each usable arrival, it is 
found to be formable by the orderly application of natures own routine, 
i.e., temperature, pressure and time. Hence, it seems worth while to 
note what may be involved in varied combinations of for?n with tempera- 
turej pressure and time. 

Form implies some combination of usage, art and purpose. For 
manufacturing purposes the form must be translated to suitable engi- 
neering dimensions, and thence to tools (molds, dies or rolls) suitable 
for reproduction of the form or part in the selected material. As com- 
pared with common knowledge of casting, primarily in molds made 
of sand and clay, and of forming, primarily in dies and rolls made of 
hardened steels, we now find a diverse choice and usage of tool materials 
ranging from confined steam, water and rubber to plastics, plasters, 
wood, cast, rolled and powdered metals, and on to sintered carbides 
reenforced with prestressed alloy steels. Governed always by com- 
parison of costs of tool material and tool fabrication with useful tool 
life, the material must be capable of standing the temperatures and 
pressures involved. Furthermore, it should be of a suflBlciently dissimilar 
nature to the material being formed to avoid galling (pressure-welding 
or intermolecular cohesion). 

Temperature required in manufacturing processes may vary from 
subzero, as in forming cakes of carbon dioxide ice, to that of the electric 
arc, as in producing synthetic abrasives. Temperature must often be 
controlled within rather narrow limits for success. Several general 
temperature ranges should be recognized: 
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Crystalline range, in v/hich the material is frozen or set in its crystal 
pattern, although that arrangement may be disturbed by pressure 
working if the pattern is sufficiently simple to allow crystoplastic form- 
ing. 

Recrystallization range in which electron activity becomes sufficient 
for atomic or molecular readjustment, as in stress relieving and anneal- 
ing. 

Thermoplastic range from recrystallization to fluidity, in wliich a 
thermoplastic material may be moved about more freely as temperature 
rises, within purely mechanical limits of movements. 

Fluid range, as for casting purposes, in which interatomic or inter- 
molecular bonds are rendered transient by heat or solvent. 

Gaseous range in which atoms and molecules space themselves quite 
independently. (This also enters in soluplastic and solusetting pro- 
cesses where a liquia solvent must be evaporated or “ dried out.^’) 

Heat treating range in vdiicli dispersion hardening or suitable crystal 
grain size is established. 

Thermosetting range of certain mixtures in which chemical change 
of adhesive constituents takes place at prescribed temperature. In 
most if not all these, the temperature range limits are subject to varia- 
tion with internal stresses or external pressures. 

In that the mercenary commercial aspect of relative expense governs 
the success of competitive enterprise, investment and operating charges 
receive primary consideration at every step. Heating equipment cost, 
fuel charges, hot handling charges, temperature control, cooling costs, 
atmosphere control, cleaning, washing and drying costs are frequently 
substantial items whether process temperatures are high or low. 

Pressures may vary from a near vacuum, used in distributing from 
solution, as in paper making and screen molding, to a hundred or more 
tons per square inch, in severe extrusion and cold-forging operations. 
Increasing flow speeds, greater restrictions to flow, more viscous or 
tougher materials, more severe restrictions on cavitation and entrained 
gas flaws, and closer tolerances on finished parts require ever more 
powerful and more rigid machinery to cope with conditions. 

Time is the fourth ingredient in manufacturing recipes and the 
fourth dimension ” on the process chart. Sufficient of it must be ex- 
pended to complete precisely the feeding, heating, stress relieving, 
chemical reaction, drying, discharging or whatever the step may be. 
In every case, time is distinctly money. The synthetic plastics, for 
example, have been distinctly handicapped competitively in their initial 
development, by the time required in expensive equipment to complete 
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the transmiseion of heat and the chemical change to set, or to complete, 
the relief of intermolecular strains. The reduction of time per unit, by 
larger quantities in process and more efficient processing equipment, 
is the essence of American mass production. 

Plastic working^ first of metals and now of many more materials, 
seems properly limited to the several plastic states (Chapter XVI). 
Indulgence is requested, however, for some consideration of the fluid 
state (casting). Assembly operations, such as the laying together of a 
stone wall, the building of a house or the fitting and fastening together 
of an airplane, are not a part of this discussion. Neither are the whit- 
tling, scraping or rubbing (machine tool and grinder) operations which 
precede assembly to correct inaccuracies and assure fits. 

Casting, or the pouring of a fluid material into a suitable mold to 
harden or set is simple but may readily be quite troublesome. Tenden- 
cies are common to shrink, to entrap air bubbles, to produce gas bubbles 
or shrinkage voids, to crystallize or set non-uniformly with internal 
strains, to erode the mold and pick up dirt or impurities, to segregate, in 
the case of mixtures, giving non-uniform chemical and physical proper- 
ties. 

Solvents, such as water, oils, alcohols, esters, etc., render many 
materials and mixtures fluid for casting. All require considerable 
time and possibly heat for drying, and the more expensive solvents 
must be recovered for economy. Concrete is poured in earth, wood 
and metal molds. Magnesite building materials may also be poured 
in laminated pkistic molds with rubber cores for easier stripping. Wood 
pulp, wood flour or other organic fibers with suitable binders may be 
cast in screen molds with the aid of air pressure or suction as in papicr- 
m&ch4 and similar work or progressively on screen belts or rolls as in 
starting paper, felt and synthetic board manufacture. 

Heat is expended to melt to fluidity many materials extending from 
the waxes and resins to the glasses and steels, each in its turn repre- 
senting a wide variety of chemical analyses. Casting like molding, 
which follows, deals with organic, synthetic, ceramic and metallic mater- 
ials, reminding us of the scope of the present engineering outlook. In 
addition to casting troubles already noted, the tendency of many hot 
materials to unite detrimentally with oxygen must be met frequently. 
A brief review of common casting methods may prove helpful for the 
light such review may throw upon subsequent discussions. 

Molds for casting iron, etc., are ordinarily made of clean sands 
selected for grain shape and size (to assure gas venting), bonded with 
small amounts of clays of sufficient heat-resistant capacity for the high 
temperatures involved and probably reenforced with rods, wires, nails, 



INJECTION MOLDING 


417 


etc., to withstand stress and erosion. While originally shaped by 
hand, and later, with tools and sweeps, present practice requires a 
pattern formed to the shape required. It is built into the mold in such a 
way that the mold may be separated in two or more parts to success- 
fully remove the pattern and to insert baked sand and clay cores thus 
leaving a cavity of just the shape of the piece required but just enough 
larger to allow for shrinkage. As production and precision demands 
increase, pattern materials vary from soft woods, hard woods, plaster 
of Paris and possibly plastics to single and multiple metal patterns 
arranged for rapid reproduction of sand molds with mechanical assist- 
ance. For brass and bronze castings semi-permanent plaster molds 
helped to reduce mold cost per piece. Next metal molds and machine 
handling methods made pi'oduction history in the manufacture of arti- 
cles from molten glass. 

Die casting combined long-life metal molds, mechanical mold closing 
and holding, molten metal injection and final stripping of the chilled 
casting. It was another forward stride in mass production of accurate 
castings. Tool steel dies worked well for the low-melting-point white 
metal alloys of lead, antimony, tin, zinc and later aluminum. Soon 
thereafter the more heat-resistant die alloys made possible the die 
casting of liigher-melting-point brasses and bronzes. 

Injection molding applied much of the machinery and technique 
of die casting to the production of parts made from synthetic resins or 
other adhesives and their mixtures. As in Fig. 390, the powder mix pre- 
pared to suitable granule size in, to in. for tenite, a cellulose acetate 
or cellulose acetate butyrate) is delivered from a hopper in measured 
volume to the path of the injection plunger which forces the charge 
through the heating chamber and into the die cavity from which the 
finished part is ejected as the die opens. Production cycles are governed 
by the time needed for application and dissipation of heat to suit the 
particular mixture and to permit possible die cleaning and application 
of inserts. Tables XXVllb and XXVIIc in the Appendix give data 
available for typical materials. 

Injection pressures necessarily vary both with the interference to flow 
of narrow and intricate passageways, and with the viscosity or fluidity 
through changing temperatures of various proportions of the many 
resins, flow aiding plasticizers and possible pigments and fillers. The 
chemical companies advise pressures of 2000 to 50,000 psi. for their 
various combinations, and long or thin die passageways may raise the 
requirement to 100,000 psi. or more. For this reason some machines 
have provision to change pistons and piston sleeves and all permit pres- 
sure control. Holding pressures should be figured around 50 to 90 per 
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cent of the product of injection pressure and projected area of the die, 
since considerable pressure is lost driving viscous material rapidly 
through the constrictions of the heating chamber and nozzle, but rhe 
pressure holding the die closed must be on the safe side to insure against 
flash. 

Heat and time cycle relations in injection molding depend upon 
whether the material to be handled is thermoplastic or thermosetting. 
They depend to a lesser extent upon the heat range of the binder and 
that of the plasticizer, and the proportioning of the die sections. 

Thermoplastic materials may be heated and reheated so that they 
need not rush too fast through the heating chamber, and their scrap 
gates, sprues and trimmings may be legranulated and used again. Since 
they are poor conductors oi heat they must be separated through pas- 
sages of small cross-section, Fig. 390, to get the heat into them. The 
walls of such a heating chamber, arc hotter than the material so that a 
halt in machine operation requires that heating be stopped or over- 
heated material be ejected before resuming operation. Thus a cellulose 
ester plastic which should be injected at 385° F. might require a cylinder 
wall temperature of 420° F., but standing at that temperature for 15 min- 
utes would be likely to cause darkening or charring. At a normal cycle 
of perhaps 4 to 6 injections per minute there would be no danger of over- 
heating. Again owing to slow heat transmission, the molded part 
might be too soft to be ejected without damage, unless the die were 
cooled to some extent (say 100 to 200° F., depending upon the resin 
and plasticizer). For this reason such materials are sometimes con- 
fusingly called cold-setting.’^ Too low a die temperature will cause 
improper filling or internal strains and strain markings in the material 
so that dies must sometimes be warmed to start off. Fig. 376 suggests 
the temperature-time relationship necessary for a material in its thermo- 
plastic state to stress-relieve and readjust its molecular structure to 
its new shape before chilling. Thermoplastic material then, must 
arrive in the die ca\dty hot enough and stay there long enough to stress- 
relieve and incidentally long enough so that it cools sufficiently to resist 
a bump on ejection. 

Thermosetting materials may be injection molded by heating the 
individual charge very quickly (by induction or dielectric heating) and 
getting it right into a hot die to take shape and to hold long enough at 
the heat to polymerize and/or set. Owing to the chemical change 
which takes place when the temperature reaches a proper pitch for 
molecular combination of the resin constituents, the scrap sprues and 
gates cannot be salvaged. The hardening in hot setting is ordinarily 
suflScient to permit safe ejection without cooling. 
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Dies or molds, Fig. 390, are leaning toward well-known die set con- 
struction with guide pins for convenience in set-up. Sprues are tapered 
for stripping and a cavity is furnished opposite the sprue to take the 
chilled slug from the end of the nozzle. This cavit}^ is located so the 
defective material can be trimmed off to avoid damage to the appearance 
of the part. Knockouts must be substantially backed to hold flush 
under pressure. Gates in multiple mold dies, must not be so small as to 
restrict a quick fill. Passages are usually required to permit cooling 
dies for thermoplastics or heating those for thermosetting materials. 
Venting especially at the point farthest from the entrance must be pro- 
vided to avoid incomplete fills and charring due to trapped air and steam. 
The latter may also cause sub-surface markings so that precautions are 
essential to keep powders from taking up atmospheric moisture. Vents 
often need be little more than a scratch or at most a 0.025-in. hole, 
tapered out. 

The land or area of contact between halves of the die around the 
profile of the mold or molds and gates should be as narrow as possible 
to insure holding tightly. Contact surfaces should be lapped. Passage 
and sprue holes should be well polished. Many plastic materials con- 
tain abrasive constituents and a few like vinylidene chloride and vinyl 
chloride acetate react chemically with steel (and copper) and make it 
advisable that dies and heating chamber parts be chrome plated. 

Shrinkage allowances must be made to suit both molding temperature 
difference and time shrinkage recommendations for the particular 
material. Molding pressure and uniformity of section in the piece and 
the entry gates are also said to affect shrinkage. 

Molding, or preshaping and concurrent or subsequent heating, 
sintering or baking may be distinguished, though not always too clearly, 
from the foregoing “ casting methods in which material rendered 
fluid or semi-fluid before entering, cools or sets in the shape of the receiver. 
Historically the method dates back to clay bricks and pottery which 
were molded by hand to bake slowly in the sun, and later more quickly 
by fire. The low-production foundry technique of molding sand with 
clay binder (for subsequent casting) is hardly more advanced. Under 
such titles as compression molding, briquetting, pelleting, preforming, 
etc., the method is advanced to the machine stage in the production of 
pills, buttons, grinding wheels, carbide tools, porous metal bushings, 
welder tips, tiles, plywood and other laminates, crockery, building 
blocks, insulators, knobs, tires, caps and on endlesvsly. 

Ceramics, compression molded for general and industrial use, may 
be typified by Westinghouse Prestite. Its composition is given as 
Flint, Feldspar, China Clay, Ball Clay and water. These are mixed, 
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filtered, ground and moistened with water to a properly plastic con- 
sistency for molding in conventional hydraulic presses and dies. The 
molded pieces are conveyed through ovens for drying and then baked 
with accurate temperature control to set and glaze. 

Actually each of the clays, chosen from deposits mined in different 
localities, contains different percentages of about the same six or eight 
oxides plus chemically combined water, which is the plasticizer. Thus 
Flint clay contains about 45 per cent Si02, 36 per cent AI2O3, 3 per cent 
each of Fe 203 and CaO plus traces of a couple more and about 12 per 
cent of water in chemical combination. The analysis of Ball Clay is 
given much the same but v/ith less CaO and about 18 per cent H 2 O. 
Crystalline Feldspars, such as KAlSiaOg, are aluminosilicates of potas- 
sium, sodium, calcium and rarely barium. Although this suggests the 
chemical complexity of writing formulae for concretes, ceramics and 
other natural plastics, the technique of handling them was worked out 
quite well by the anenents. 

Soluplastic and thermosetting seems like a proper way to tag the 
process although some of the same oxides melted into glass definitely 
add thermoplastic characteristics. The washed and ground clays are 
soluble in water which makes possible control of consistency for molding. 
When heated to the setting temperature, which varies over a considera- 
ble range up to dull red (dependent upon constituents), the mixed 
molecules lose their chemically combined water, soften and contract, 
similar to recrystallization processes in other materials. They cool to 
a typical stone-like porcelain which is thereafter impervious to moisture. 
Differences in recrystallization range of the different oxides and in 
proportions of natural mixtures necessarily complicates the control. 
These molded mixed oxides take metal inserts or reenforcements well or 
adhere to enameling steels as protective finishes. They may be ma- 
chined between drying and baking and ground after baking. They 
take many color glazes, are relatively brittle and show tensile strengths 
of about 5000 psi. compared with 48,000 psi. in compression. 

An interesting cross between molded ceramics and powder metallurgy 
is found in certain {permalloy) telephone and radio cores. Here, for 
high magnetic permeabifity, granules of iron and nickel or molybdenum 
are prepared and coated with a thin film (0.000,02 in. approx.) of ceramic 
clay as an insulator of eddy current losses. The coated granules are die 
pressed to shape at about 100 tons i)er sq. in. to a density of about 
7.75 g. i>er cc., and annealed, to restore magnetic quality, and inciden- 
tally at a temperature which would set the ceramic as a binder. 

Abrasive wheels are molded with pressure, temperature and time 
combinations to suit the particular mixture. The fillers in the mix are 
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the hard sharp crystal particles as of silicon carbide or aluminum oxide 
in iron oxide, for grinding purposes, with such binders as rubber, the 
clays, phenol-formaldehyde or other thermosetting resins. Metal 
insert hubs or shanks may be molded in place, using hydraulic presses 
and heated dies for the resins and rubber; or cold pressing followed by 
drying and baking for the ceramic clays. 

Cemented carbides, for cutting edges, drawing, extrusion, heading 
and cold-forging dies, spot-welding tips and other points of application 
of severe and abrasive stress, combine such hard filler materials as 
tungsten carbide, tantalum carbide, and titanium carbide with such 
binders as cobalt, nickel and copper. Suitably sized and shaped pow- 
ders are cold compressed in steel dies and hydraulic presses and sintered 
or baked in reducing atmosphere well up in the recrystallization range 
of the binder, or hot pressed at similar temperatures in low pressure 
(1000 psi.) graphite molds with time allowance for recrystallization of 
the binder. The latter would make for greater density if die materials 
were available which would stand up properly to both the pressures 
and temperatures desired. While compressive strengths of the cured 
mixtures reach 500,000 to nearly 900,000 psi., the tensile strengths are 
derived from the 3 to 20 per cent of relatively low strength binder so 
that the carbides are often molded directly into steel holders or rings. 
Similarly powdered copper and tungsten-carbide tips molded directly 
on solid copper electrodes combine conductivity and wear. 

Metal powders of many types are compression molded, following 
much the same rules as govern the synthetic resins as discussed in con- 
nection with Figs. 376, 377, and Table XXIIIa. Fundamentally, 
suitably prepared powders are pressed in dies to suitable density and 
intimacy of particle contact. Application of heat for the interatomic 
welding or bonding may be applied either during pressing or more com- 
monly after pressing in the sintering (baking or recrystallizing) furnace. 
Subsequent sizing or squeezing operations are common for pUrous 
bushings, filters, etc., while further hot pressing or cold forging and 
intermediate annealing operations are required where greater density 
is wanted. 

Powder preparation for size, purity and proportion in compounding 
of alloys or mixtures with non-metallic components has been worked out 
for a wide variety of powders by material suppliers. The size of pow- 
ders, usually gauged by the standard screen mesh through which they 
will pass, is highly important to proper flowing, filling and relation of 
voids in initial compacting. The method of preparation also governs 
whether particles are more or less equiaxed or relatively flat. The 
metal powders are successfully handled in much smaller average grain 
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size than the synthetic resin mixtures, perhaps because of the somewhat 
similar proportion in molecule sizes. 

Non-uniformities in the density of compressed powders in thin and 
difficult cross-sections are traceable 


to the tendency of particles to arch 
and lock, leaving local voids, and 
to pack more tightly close to the 
striking surfaces, leaving less dense 
areas farther in, perhaps because of 
inertia of the particles as well as 
wall friction. High polish or super- 
finishing of die wall surfaces is 
sufficient correction in most cases. 
Slight reverse tapering of Vv^alLs, to 
be corrcctea if necessaiy by subse- 
quent ironing or sizing, is r’so pos- 
sible. In some cases the die ring is 
floated on springs lo travel down 
toward the end of the compression 
stroke to equalize the density. In 
other cases, both hydraulic and me- 
chanical presses are selected with 
double actions timed to permit de- 
sired relative movement of punches 
and die walls, or with top and bot- 
tom movements to compress simul- 
taneously from the two directions. 

Fig. 391 illustrates a powder- 
metal-molding press typical of the 
fast acting self-contained hydraulic 
types. This one is being used in 
compressing copper powders for 
electrical parts of complicated 
shape, and assemblies of copper 
powders and rods, sometimes in 
place in steel stampings. Oil in the 
tank at the top is the pressure me- 
dium, with variable delivery pump 
and motor at the rear. Limiting 
positions of the quick advance, the 
pressing stroke, the quick return, 
and the knockout (below) are con- 



Fig. 391. — A 200-ton fast-cycle Hydro- 
dynamic molding press with bottom cyl- 
inder. Its flexibility in this application 
favors a variety of metal powder pressing 
operations. 
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veniently adjustable. Both pressure and position stops are provided 
to govern the work stroke. 

Porous and oil impregnated bushings for self-lubrication are now 
commonly mass produced in competition with solid bushings. Often 
iron powder bushings use a small percentage of copper as a binder and 
are sintered in a hydrogen atmosphere well up in the recrystallization 
range of copper, so that a copper-iron solution (eutectic) can form at the 
contact points to join the iron particles as in copper brazing. In the 



Fig. 392. — Die with highly polished walls for measuring (flush fill) and briquetting 
porous bronze and iron bushings in mechanical presses, Fig. 394, or hydraulic presses 

such as Fig. 391. 

bronze bearings the tin is activated to form the copper-tin bonding 
eutectic among the copper grains. 

Dies, Fig. 392, for the preliminary molding or briquetting of the 
powder serve also for metering the charge (for compression ratio in the 
neighborhood of 3 : 1) requiring careful uniformity in the preparation 
of powders and lubricants. After sintering^ the dies, Fig. 393, for 
sizing to precise dimension have much in common with other metal 
sizing or ironing operations described earlier. Both the briquetting 
and sizing dies are of substantial construction and for production pur- 
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poses Langhammer and Smith^ advise high-speed steels for dies and 
punches and oil-hardening steels for strippers and knockouts. Allow- 
ances for sintering contraction and subsequent sizing are suggested as 
1 per cent each on the briquetting die diameter. They specify dimen- 
sional tolerances of 0.0002 in. and superfinished surfaces. Such accuracy 
indicates need for solid frame or keyed housing presses which are widely 



Fig. 393. — Sizing of porous metal bushings after sintering, as performed in either 
single-action or double-action (Fig. 395) mechanical presses. 

used. Mechanical presses, Figs. 394 and 395, usually with cam- 
actuated, direct or pneumatic bottom knockouts appear preferable 
for porous metal production work in view of precision, speed and positive 
bottom stroke position. Hydraulic housing type presses. Figs. 183a, 
291, give precision plus pressure control for high density compression 
(20 to 100 tons per sq. in.) for gears and other shaped parts which would 
otherwise require excessive machining and grinding. Dies for such 
parts require the rugged construction characteristics of cold-forging 
dies, with hardened backing or load distributing plates, shrunk rings or 

1 A. J. Langhammer, Milton F. Smith, Amplex Division, Chrysler Corp., in Powder 
Metallurgy^ A.S.M., 1942. 
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wedge prestressing of substantial holders to take spreading strains. 
Some shapes are such as to require split dies and double-action presses, 



Fig. 394. — Straight-sided and inclinable presses used at the Moraine Products 
division of the General Motors Corporation in the mass production from powders 
of bronze and iron bearings. (Courtesy The Modern Industrial Press ») 


Figs. 291 and 395. The toggle press, in the latter illustration, has the 
outer slide timed to dwell for holding during the sizing of porous bushings 
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and also during stripping. Press working pressures bear obvious 
relation to the yield point of the material being worked. They are 
usually below the yield point for porous jobs and above, by a small or 
large amount for high density work, depending upon confinement in 
the die, restrictions to flow, rigidity and speed considerations, etc. 



Fig. 395. — Double-action toggle presses, used for sizing of porous metal bushings, 
offer some advantage in die construction and operation over that in Fig. 393. They 
also permit closing split molds for other powder briquetting. 

Synthetic resins alone in some cases, or with oily plasticizers and 
organic, ceramic or mineral fillers, as discussed in the preceding chap- 
ter, are widely compression molded. This process is of course the 
predecessor to injection molding, Fig. 390, which has adapted the same 
general principles to automatic operation with substantial advantage 
in time cycle, heat transfer efficiency and control. Distinctions between 
behaviors of thermoplastics and thermosetting mixtures were drawn in 
Chaptet XVI and in discussing injection molding. Most powders if 
handled with sufficient care, can be measured from hoppers by volume. 
Mixtures containing macerated bits of cloth for high impact filler and 
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some other fillers complicate flow sufficiently to require hand weighing 
of individual charges. In some cases it is economical to use preforms 
or briquettes compressed to pellet or intermediate shape suitable to the 
die in small presses or rotary automatic machines. Thermosetting 
preforms may be preheated on hot plates or (for greater internal uni- 
formity and speed) by high-frequency oscillator, before placing in the 
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Fig. 396. — Compression-molded thermosetting parts, in this case using impregnated 
creped paper and fabric coils as preforms. {Courtesy Cincinnati Industries, Inc.) 

die. For high impact strength, preforms may take the shape of phenolic 
impregnated paper or fabric as in the case of the parts shown in Fig. 396. 
These were produced in regular compression molding dies from creped 
coil stock carrying up to 55 per cent of resin. The mass flowed to fill 
sharp outlines from preforms wound to suit. 

Trapped gasses, as flaw producers, are even more of a problem in 
working with powders than is the case with casting methods. Proper 
size and uniformity of granules for mobility leaves considerable inter- 
mediate space for air which must be eliminated in compacting th*e mass. 
Moisture picked up from the air by wood flour or other thirsty constit- 
uents, goes into steam as the heat penetrates. Volatile constituents 
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gf unsuitable plasticizers must also be eliminated. Unless gassing is 
eliminated or porous mold materials can b^ used (e.g. sand, plaster, 
powder-metals); suitable venting must be worked out in die casting 
or injection molding; or as in compression molding, a breathing 
period must be allowed by partially reopening the die after the initial 



Fig. 397. — Compression molding press, semi-automatic having adjustable preheat, 
gassing and final cure timers, with individual high-speed pump unit and controls foi 
flexibility in pressure control and operation. 

squeeze and warming up. Preforming or pelleting eliminates much of 
the trapped air in some processes. Proper moisture elimination and 
protection reduces production of steam. Some successful molders 
find the breathing period Unnecessary with, suitable material control. 

Materials selection and control emphasizes once more the vital role 
of the chemist in this century's expansion of engiheering materials. 
Development of organic plastics '' like ceramics and even metals. 
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made initial headway on relatively cheap natural sources such as pii^p 
rosins, hide glues, lignin a^d casein. Complex variety of constitution 
and impurities made reactions unreliable and difficult to control, contrib- 
uting to the finicky reputation of the process. Industrial by- 
products which offered cheap sources of chemically more reliable syn- 
thetic resin constituents have contributed to more successful general 
application of plastic molding. Increasing demand makes practical 
the development of more independent sources of reliable synthetic 
materials so that the industry may stand on its own feet. 

Fig. 397 is a semi-automatic compression molding press. Three 
electric time adjustments are provided at the left to control successively 
(a) the preliminary cure to presqueeze, heat throughout and vaporize 
gaseous constituents, (b) the gassing period, partially opening the die 
for escape of gasses, (c) the final cure to maintain suitable heat for 
thorough chemical combination and chain polymerization of thermo- 
setting binders, or for stress relieving to shape and partial cooling of 
welded thermoplastic powders. For heat economy, thermoplastic 
filled molds are sometimes transferred from a hot-plate press to a cold- 
plate press for a final squeeze. The press shown has provision for adjust- 
able top and bottom knockouts, although hand knockouts on the bench 
and hand control of cycle are used for small lots. The unit shown has 
its own oil tank, motor and pumping unit for fast, flexible operation 
and pressure control. Many earlier systems use a central pumping 
and accumulator unit, usually water account volume and leakage. Two 
or three supply lines and accumulators at different predetermined pres- 
sures combine with return lines and steam lines to link the press groups 
in what one large operator described as a pipe fitters paradise. Such 
systems, like line shafting, offered certain initial economies at the prob- 
able expense of flexibility and maintenance. 

Molds or dies for compression molding are well classified in the 
Tenite molding handbook^ as positive, semi-positive and flash types. A 
positive mold fully confines the material requiring that the charge be 
weighed with especial care. The more common semi-positive type, 
Fig. 398, partially confines the material allowing for the overflow of a 
slightly excessive charge. The flash type mold, like a drop-forging die, 
confines the material only by reason of the thinness of the flash squeezed 
out as the two halves close. It is best adapted to large areas, thin 

* Mold designs vary more with preference than . principle, but useful data and 
examples are to be found in: “ Tenite Molding,” Tennessee Eastman Corp., Kings- 
port, Tenn.; '^Designing Molded Plastic Parts,” General Electric Co., Pittsfield, 
Mass. ; ** Plaskon Hand Book,” Plaskon Company, Toledo, O. ; Plastics in Engi- 
neering,” J, Delmonte, 1942, Penton Publishing Co., Cleveland, 0.; and other 
publications. 
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sections and preforms or blanks prepared from extruded or impregnated 
sheet materials. A modification of the semi-positive construction 



Fio. 398. — Semi-positive compress’* on mold wiili insert, knockout, slight overflow 

relief and guide pins. 

permits the grouping of several small molds so that they may be filled 
from a common charge leaving a common flash from which they may 
be trimmed in an inclinable punch press. 



Fig. 399. — A flash mold arranged for use with a transfer molding pot in which the 
powder charge is plasticized. Note web taper, corner radii and reasonably uniform 
sections of desirable part design. 


Transfer molding, performed in compression molding presses, antici- 
pated injection molding by separating the plasticizing action in a 
separate chamber above the mold. The four part set up, Fig. 399, 
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includes a simple cylindrical plunger and pot containing the weighed 
charge and set on top of and communicating through tapered sprue 
holes with the two part mold which is usually flash type. The pot 
and charge may be preheated, and in the case of thermoplastics, may 
extrude into a cool or cooled mold. The pot and plunger may be used 
repeatedly with molds requiring more or less similar charges. 

Heating or cooling (when it is needed) is usually accomplished, in 
hand and semi-automatic molding, by running steam under sufficient 
pressure for the temperature required, or water through drilled plates 
on the press, A thin film of air retards heat transfer so that surface 
contacts should be good and joints closely made. Excessive heat or 
insufficient time for thorough heat penetration result in imperfectly 
molded parts. If dies are drilled for alternate heating and cooling it 
should be noted that heat is delivered more quickly from condensing 
steam than it can be removed by water so that passages should be ample 
to suit cooling. Shrinkage allowances, venting, knockouts, core inserts 
and provision for anchoring metal inserts are much the same as for 
injection molding. 

Screen molding^ tried experimentally for large area plastic articles, 
borrows its preparatory technique from paper mill and papier-m&ch4 
methods. Here wood pulp is floated in about ten parts of water and 
distributed over or in a screen or porous mold with the aid of suction 
for uniformity of distribution. After removal of the bulk of the moisture 
the shape is separated from the mold with the aid of air pressure and 
dried. For plastics application the pulp or other organic fiber is mixed 
with synthetic resin, and the screen process preform is dried and trans- 
ferred to hot press dies or molds for pressure at curing. Alternative 
to this is the basically similar method of producing plain or creped 
resin impregnated papers and fabrics which may be cured to shape as 
illustrated later. 

Sheets, Strips and Strands. — For possibly the most important 
groups of mass-produced articles, feasting and molding are merely inter- 
mediate steps in the production of relative thin section sheets, coiled 
strips, rods and wound strands. These forms of material may be used 
as such but most go on to varied steps in further fabrication. Methods 
of fabrication from sheets and strips are of primary interest here, but 
close inter-relation makes brief consideration of strand production 
worthwhile. 

Tungsten powder, first pressed to close association, then heated in 
hydrogen well above recrystallization temperatures, then swaged into 
more compact association, reannealed, reworked now by wire drawing, 
reannealed, redrawn, etc., finally reaches a fine wire filament with tensile 
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strengths up to 590,000 psi. Low-carbon steel wire, cast in a billet, 
rolled hot, rolled cold, annealed, and cold drawn with intermediate 
anneals achieves a strength almost half as great. Vinylidene chloride 
powder extruded at temperatures well up in its recrystallization range 
and subject to stretching and working strain as it cools (Figs. 382 and 
383) reaches a tensile strength of 30 to 60,000 psi. Nylon forced through 
a small die orifice into a solidifying bath and wound under high tension 
to achieve similar oriented polymer chain results, has exceptional 
strength (40,000-60,000 psi.) and durability. Glass, representing the 
ceramics, is drawn from molten form to fine threads and possibly “ an- 
nealed.'' These typical strands of widely differing materials proceed 
to further fabrication by forming, winding, weaving, etc., to take advan- 
tage of their distinctive qualities. Somewhat allied extrusion and draw- 
ing and draw-bench methods arc used in producing rods, tubes and 
special sections from the various synthetic materials. 

Sheet and coil forms of the metals have enjoyed substantial advan- 
tage over directly cast or molded forms in certain broad fields of appli- 
cation, and a variety of the non-metallic materials are following along 
similar lines. The fields are those in which the purpose is served by 
material which is quite thin in proportion to the area of the part, and in 
which the non-uniformities of section, characterizing many directly 
cast or molded parts, either are not necessary or may be rearranged or 
added to favor the mass-production economies of stamping or forming 
from sheet. This sheet or coil form has been made economical in turn by 
development of fast, large volume mills whether for metal, paper, cloth 
or the formable and curable mixtures. 

Steel, mass produced for stamping and forming, suggests the trend 
for thin plastics. Cast into billets w^eighing up to 10 tons and more, 
it may be rolled hot (thermoplastic state) through high-speed progres- 
sive mill stands. Fig. 400, then pickled, washed and dried progressively, 
then cold rolled through fast progressive mills, as in Fig. 4, which are 
electrically synchronized, then bright annealed in a reducing atmosphere 
and finally passed through a finishing mill stand for work temper and 
size. This process is subject to wide variation in practice to suit the 
output but the millions upon millions invested in mills are responsible 
for remarkably low price per pound of the metals, and similarly of the 
p$ipers and fabrics now available. 

Paper is the mass-production antecedent of the molded plastics," 
and is surging forward as a formable plastic when produced with syn- 
thetic resins. Like the molded mixtures it combines a natural polymer 
fiber filler (usually wood pulp), with an adhesive binder or two, color- 
ing or bleaching matter, and a plasticizer (usually moisture). Breaking 
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Era. 400. — This very fast Bliss progressive hot mill and similarly well-developed paper mills point the trend for formable non- 
metallic thermosetting and thermoplastic materials (synthetic woods, etc ). 
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up, cleansing and mixing of constituents precedes distribution on screens 
or screen rolls and subsequent hot rolling with possible intermediate 
dipping to add coatings, etc. Obviously papers are as varied in com- 
position as the plastics and may include most of the same constituents. 
Similarly the mills vary from extremely fast liigh volume newsprint 
mills to jobbing and specialty mills for quality papers, wall boards, 
cardboard, uncured thermosetting resin-bearing sheet, cured fibers, etc. 



Fig. 401 . — Cutting and scoring press for non-metallic sheet materials, in this in- 
stance, corrugated cartons. 


In the making of cardboard boxes and corrugated board cartons^ the 
cutting of the outline and the more severe scoring for the folds or bends 
are performed in a variety of reenforced printing presses and more 
rugged blanking presses. The carton blanking and scoring press in 
Fig. 401 has a bed area of 44 in. by 72 in., a rating of about 70 tons and 
operating speed with automatic feed of about 60 SPM. Structural 
extension tables, a light reciprocating feed frame driven from the quick 
return crank at the side of the press, and releasing gripper fingers to 
carry sheets from the front table to the working position and thence to 
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the separating and stacking position, complete the unit. The punches, 
Fig. 402, are built up of steel rule cutting edges and steel or hard brass 
scoring strips set in a hard wood or masonite matrix screwed to a }i-in. 
steel chase or backing plate. Eubber strips tacked or glued to the 



Fig. 402. — Steel rule cutting and scoring dies are inexpensive and easy to slip into 

place on the press slide. 

wood along the cutting edges take care of stripping. This press being 
rigid and well counterbalanced the knife edges cut against a saw steel 
plate. Special long slide guides pernut offside cutting and scoring as 
carton sizes vary. 



Fio. 403. — Cutting, drawing, curling, folding, ironing, trimming and upsetting 
operations employed to produce these soluplastic paper base parts. No. 2 also con- 
tains thermoplastic paraffin, whereas 3 and 8 contain thermosetting resins, and cure 

hard and durable. 

Paper caps or box covers, spoons, pie plates, round or square picnic 
dishes, etc., can be drawn, formed and curled quite smoothly though 
limited in general to fairly shallow shapes, Fig. 403. It was shown in 
Figs. 135, 136 and 137 that in drawing which involves reduction of 
circumference, compressive rearrangement of the flange material sets 
up a tensile strain which increases as the draw becomes deeper or the 
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reduction becomes greater. Paper is a mixture of various constituents 
all of which contribute to compressive resistance whereas only the 
binder contributes to tensile strength. Hence tensile strength of paper 
is much less than its compressive strength and only a small reduction 
can be taken at a time. Considering paper as soluplastic and adding 
water by spray, steam or humid storage to soften it for plastic forming, 
the moisture must be precisely distributed and just enough added to 
soften (only) the water soluble binder. Alternative theory indicates 



*Fig. 404. — A paper cap blanking and drawing press, specially fitted with paper 

dipi)ing stations. 


preference not to remoisten but to retain proper moisture from initial 
manufacture to fabrication. Whichever is correct, precise moisture 
regulation has seriously "hampered paper forming operations, but elec- 
tronic control of moisture content, as developed in general paper making, 
seems to offer a solution. Fig. 387 shows the difference in moisture 
relation for a few different paper mixtures, and Fig. 388 shows in part 
the affect of moisture content on physical properties of paper. 

Simple cups, see parts 1 and 6, Fig. 403, are blanked and d^rawn in 
such comttnation dies as Figs. 74 and 276, usually heated with «team 
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or electric heating elements to dry out the plasticizing moisture. Often 
the cups were pushed down through the die and on through a slightly 
heated tube to hold the shape a little longer. The presses most often 
used have been the double-action cam presses, Fig. 277, frequently 
fitted with roll feeds Fig. 159, although the scrap cutter shown there is 
likely to be replaced with a rewinder. Rg. 404 shows a Bliss paper 
cap cam drawing press dating back to 1905 and fitted to dip the paper 



Fio. 406. — A No. 20 inclinable single-action cam press with heated die for 
a brief dwell ( 1}4 sec.) in molding and setting a plate to shape. 


in the course of roll feeding and rewinding it. Operating speeds range 
around 80 to 140 per minute. Part 4, Fig. 403 was too deep to draw 
smoothly in one operation without tearing. * Accordingly the draw 
radius was corrugated to fold the surplus material in a series of uniform 
corrugations and these were ironed together evenly as the shell pushed 
down through the hot die. 

€!bmbinations of roll feeds for coil stock and ratchet or friction dial 
feeds for secondary operations in completing the part, may be arranged 

sui^le presses as discussed- under automatic feeding in cphnection- 
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with Figs. 354 and 355. Thus the hard and durable plastic screw cap, 
part 8, Fig. 403, was carried through its series of operations in a roll- 
and dial-fed single-action press. The Ke-in. soluplastic and thermo- 
setting (phenolic) paper must be blanked from the coil, hot drawn and 
crown stamped, upset with a sectional punch and possibly pinch trimmed 
before it is cured (polymerization is completed). 

With proper moisture control and timing some paper shapes can 
be blanked and formed in fast crank presses (as in powder preforming). 
Others require a dwell to hold them briefly under pressure for a drying 
set and frequently with the application of heat. Thus a variety of 
paper plates, round or rectangular and plain or fluted are cut and formed 
with the 180° dwell of such a press as that in Fig. 405 at speeds of 20 
to 80 8PM. ThermOvSetting papers may be cured thereafter or pre- 
heated and cured quickly in thin sections. Part 7 in Fig. 403 is a 
soluplastic paper (said to be corn fiber) in which a thermosetting binder 
(also a corn product) is mixed in the l^eater in the initial production. 

CurliriQj or false wiring, Fig. 403, part 5, of paper and similar plastic 
non-metallic materials, acts much like metal curling, Fig. 110 and 114, 
except that rolls are ordinarily not used. For example, in curling 
exposed ends of spiral wound tubing, a high-speed head is revolved in 
proper direction relative to the spiral. Inserted in it instead of curling 
rolls, are hardened pins, replaceable because of the considerable abrasive 
action of some constituents of the paper. These pin inserts are grooved 
to the profile of the desired curl and radiused on the leading or working 
edge. The use of pins instead of rolls is presumably to generate heat 
to set the shape. 

Thermosetting papers, cured in laminated fiat panels or formed and 
set to shape. Fig. 415, with proper heat and pressure have taken con- 
siderable strides in a variety of fields. They naturally offer the same 
strength, hardness and appearance as molded phenolic, urea and mela- 
mine resins made with wood-flour fillers, or possibly even better owing 
to longer fibers, better arranged in the paper-making process and the 
need for less plasticizer or lubricant. Obviously thinner sections, in 
proportion to area, and faster curing times (and therefore less material 
and manufacturing cost) are possible as compared with more complex 
parts molded from powders. 

Manufacture of resin-bearing papers initially required starting with 
Kraft or other suitable commercial paper and applying by spray or 
dip a desired proportion of synthetic resin dissolved in alcohol or other 
solvent. Some further advantage was gained by large users who recover 
the solvent from drying towers. To meet demand paper manufacturers 
are beginning to offer stock in which thermosetting resins have been 
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combined with wood pulp or other natural fibers in the mixing vats. 
Expense varies with color, the proportion of resin required and the 
plasticizer. Water content has been ample plasticizer for handling and 
forming prior to curing, but it goes off in steam at the cure and may have 
to be restored or a high-boiling-point plasticizer added to avoid brittle- 
ness and jagged fractures iq punching. 

Thermosetting fabrics impregnated with phenol-formaldehyde and 
other resins, find substantial demand including panels, gears, bearings, 
pulleys, tubes, and machined, formed and punched shapes. Fabric as 
a reenforcement contributes especially to impact strength. Full width 
coils, narrow slit coils, sheets and macerated filler in fine and coarse 
weaves are widely used. The cellulose molecule chains of cotton fibers 
seem especially desirable, but asbestos (crystalline fiber) fabrics for 
somewhat higher temperature applications, sisal (hemp) fabrics and 
glass fabrics are also used. 



Fig. 406. — A laminated jug cap blanked, drawn and cured from layers of 45% phe- 
nolic X-crepe (gathered fabric) at the left. {Courtesy Cincinnati Industries, Inc.) 

Crepeing or gathering of both paper base and fabric base materials 
adds greatly to their stretchability or formability without fracturing 
the reenforcing base material. The samples in Figs. 396 and 406 are 
interesting in this respect. All are produced from paper and fabric 
base materials carrying 10 to 50 per cent of resin as required and known 
as X-crepe. The processed coil stock has crepe puckers or corrugations 
crossing each other at say 45° each way to the length, giving a 20 or 25 
per cent surplus for forming either in single thicknesses or laminated. 

Resin bonded fibers promise the manufacturing shortcut of a direct 
combination of cotton or other vegetable fibers with synthetic resins 
and plasticizers into an economical formable and/ or curable coil mate- 
rial. Reference to the discussion of high-strength synthetic oriented 
polymer chains in connection with Fig. 382, indicates that naturally 
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polymerized molecular chain fibers of wood, cotton, hemp, com, etc., 
(and in some cases cow hair and wool) may be made the base of high- 
strength materials. Such fibrous strands, laid parallel and overlapping 
and impregnated with thermoplastic or thermosetting binders and such 
plasticizer as may be required, offer a wide range of utility. A combina- 
tion of initial cotton fabric or felt-making procedure and modified paper- 
making methods as a basis of economical manufacture has been dis- 
cussed briefly by Goldman and Olsen.® 



Fig. 407. — Laminated wood cured with decorative color plastic surface, fire-retard- 
ing metallic interlayer and impregnated paper backing. {Courtesy The Formica 

• lusulation Co.) 

Plywood construction is closely related to the foregoing thermoset- 
ting papers and fabrics. Tissue-thin paper, impregnated with thermo- 
setting resin or less desirable natural glues, is placed between thin layers 
of wood with direction of grain crossed diagonally for strength. As 
many thicknesses of alternate wood and resin as may be required are 
built up, clamped flat or to shape under sufficient pressure to assure 
intimate contact, and heat is applied for sufficient time to penetrate 
and set the resin. 

The “ low-pressure method applied to emergency forming of air- 
plane and boat sections involves fitting, tacking and clamping the alter- 
nate plys of wood and resin tissue sheets to shape in or over a form, 
clamping a rubber blanket or cover tightly over exposed surfaces, ex- 
hausting air under the blanket and inserting the whole assembly in a 
high-pressure steam chamber or auto-clave. The steam pressure of 75 
to 300 psi. and such local clamping pressures as are possible, are then 

* Modern Plastics, May, 1943, p. 100. 
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responable for continuity of contact to assure good joining of the plys. 
Temperatures of 275 to 350^ F. are maintained throughout the chamber 
for periods of 15 to 30 minutes or more, for wood, like the plastics, is a 
poor heat conductor and the heat must penetrate for the resin layers to 
adhere properly. 



Fig. 408. — Hydraulic presses for laminated sheet curing have been characterized by 
many steam platens to compensate for poor conductivity and therefore long-curing 

cycles. 


In general, however, it is preferred to apply positive pressures of 
1000 to 3000 psi. to assure proper contact during curing and, for greater 
strength, to compress the normally porous structure of the wood. Ply- 
wood may be combined in curing with a variety of other sheet materials 
for decoration or utility. Thus it may have a surface layer of impreg- 
nated paper in color, or of fabric or even metal foil for reenforcement, or 
of impregnated grain wood veneer as for durable hotel bureau tops. In 
such cases, however, a balancing layer must be cured on the reverse side 
to avoid distorting strains and keep the finished sheet flat. Fig. 407 
illustratea a table top section built up in such a way. 
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Flat laminated sheets of thermosetting resins in paper, cloth or ply- 
wood have long been cured by piling lamination layers to proper thick- 
ness with supporting and separating steel plates where necessary, and 
placing between steam-heating platens in such a press as that shown in 
Fig. 408. Pressures recommended are 1000 to 3000 psi. and tempera- 
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Fiq. 409, — Balancec’ hook-up for high-frequenry dielectric heating in which outer 
plates of similar polarity may be insulated from or grounded on press surfaces. 

tures of 275 to 350° F. for rafficient time to permit the heat to penetrate 
throughout the stack to assure a uniform cure. Heating times of sev- 
eral minutes to an hour or more, dependent upon thickness, have been 
common with contact heating as by steam plates. Alternatively, high- 
frequency dielectric heating,^ Figs. 409, 410, operates upon the molec- 



Fig. 410. — Dielectric heating arrangement in which one plate must be amply insu- 
lated from press frame. Tuning adjustment required to suit thickness and resistance 

of material to be heated. 

ular structure throughout the mass simultaneously and reduces these 
heating times to a small fraction of that required by conduction. The 
high-frequency oscillator unit not shown in the diagram is complex 
electrically, but the expense involved seems likely to be substantially 
reduced. 

Piercing f blanking and shearing of laminated materials is subject to 
certain limitations. Where a number of layers of material, whether 

^ Heating Wood with Radio Frequency Power,” John P. Taylor, R.C.A. Mfg. 
Co., presented before A.S.M.E. Oct. 12, 1942. 
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metal, paper, laminated plastic or whatever, are cut between the edges 
of a male punch entering a well-ground die, the top and bottom layers, 
which are in close contact with the cutting edges, will cut cleanly, but 
these surface layers tend to mask the sharpness of the edge, and inter- 
mediate layers tend to pinch off or tear. In relatively thin laminated 
materials this tendency is negligible, but in thick stacks it may produce 



Fig. 411. — Inclinable presses, both single- and double-crank types prove most con- 
venient for feeding in cutting blanks and trimming of plastics, fabrics, laminates, 
plastic impregnated felt (gaskets), etc. 

a rather ragged appearing fracture. Shaving cuts with a sharp edge 
having a 45° back angle are said to be satisfactory if not more than 
Ke in. is removed per cut. The softer or spongier the material, the 
greater is edge distortion likely to be. Accordingly, in cutting thick 
stacks of paper, cardboard, cloth and some of the laminated plastics, it 
is common to use knife-edge type dies, known as dinking dies, hollow 
cutters and steel-rule dies (Fig. 402). Although such cutting is usuaily^ 
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slower than male and female die work, the knife edge is driven through, 
cutting all layers cleanly down to a bottom plate which may be saw 
steel, zinc, masonite, end-grain maple, etc. The hollow cutters are 
often moved about over the material to be cut, and located by hand in 



Fig. 412. — For hollow cutter blanking of multiple thicknesses, this press is fitted 
with bottom adjustment to permit refinishing a wood cutting block. 


gap frame inclinable double-crank presses. Fig. 411. In another type. 
Fig. 412, a considerable bottom adjustment is provided to compensate 
as 10 in. high end-grain maple die blocks are gradually planed down. 
As used in the cotton glove trade, long piles of fabric about 6 in. high 
(squeezing to about 2 in. under cutting pressure) are moved by hand- 
wheel conveyor through the press. The Mehle hollow cutters, follow- 
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ing the profiles of the glove pattern, are moved back and forth under the 
slide, locating by eye for maximum economy of material. Note on 
page 80 that knife-edge cutting loads are given in pounds per inch for a 
particular material and are practically independent of material thick- 
ness. For smooth edge blanking of laminated materials in production, 
Fig. 413 offers a means of rigidly mounting the hollow cutter, inverted 
for push-through operation and provided with a male punch for clean 
cutting, and with spring strippers. 



Fig. 413. — For smooth-edge production blanking of laminated materials, a hollow 
cutter is rigidly mounted in inverted position. 


Cured phenolic laminated sheets and strips for punching require 
suitable plasticizers included in their preparation to avoid brittle crack- 
ing and to adapt them to the many piercing and blanking operations in 
producing thin insulator pieces, covers, separators, gaskets, etc. Most 
thin paper, fabric, and asbestos fabric base phenolics (up to He in. or 
H in.) may be punched at normal room temperatures, though in many 
cases and for thicker sheets (up to H in.) the results for both punching 
and slitting are better if warmed up. The Westinghouse Micarta Data 
Book gives a number of excellent rules, interpreted as follows: 

Minimum space between pierced holes = Z X t (thickness). 

Minimum scrap margin allowance == 3 X Clearance between 
punch and die 0.05^ all around, or 0.10^ on the diameter. 

Where close sizes are required, allow something for elastic contrac- 

" tion of holes or expansion of blanks when cold punched. 

In hot punching allow also for contraction in cooling. 

For hot punching 212 to 260® F. is recommended. 
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Material should be well spaced in the oven and heated only long 
enough for uniform penetration (approx. 5 min. for Ke in. t to 30 
min. for }i in. 0- 

For both punching and shearing the cutting edges must be kept 
sharp. Thicknesses in square-shearing are limited to 3^2 in. to Ke in. 
cold and up to about in. hot. 



Fig. 414. — Blanks of proper shape and correct moisture content, drawn in a double- 
action die and cured under pressure, produce tough masks and helmets. {Courtesy 
Continental Diamond Fibre Co.) 


Uncured impregnated papers and fabrics are easily pierced and 
blanked from coil or sheet stock in either male and female dies or hollow 
cutters. Papers permit forming to shapes, including shallow draws and 
some stretching before curing, Figs. 403 and 415. Creped stocks add 
greatly to the drawing range, including almost complete hemispheres. 
Loose-woven and creped fabrics permit very considerable forming and 
flowing in the curing dies. Developed, notched, blanks cut out of 
phenolic impregnated canvas as in the case of army helmets and safety 
hats, may be combined with extra strips or inserts, and overlapped or 
butted at the joints and the assembly welds into a smooth mass in the 
curing die, compressing or spreading to give a uniform fill or to take 
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care of change of section. Other assemblies may be built up for wear 
or impact strength with canvas side members, macerated, flour or coil 
fillers possibly premolded with little or no heat, to hold together, then 
fitted with inserts and finished cured to final shape and size. Some of 
the creped materials in small coils may also serve as preforms to flow 
into thin or odd sectioned moldings where impact strength is needed, 
Fig. 396. Referring again to plastic safety helmets, an interesting 
design. Fig. 414 is deep drawn, probably with some stretching, in a 



Fig. 415. — Substitution for aluminum stampings of pressure cured phenolic paper 
stampings ” having 8000 p.s.i. tensile and 40,(X)0 p.s.i. compressive strengths. 
The group of three have plywood inserts and were made on low cost temporary dies. 

{Courtesy Brunswicke-Balke'-Collender Co.) 

regular double-action draw die. The material is a moistened solu- 
plastic cotton rag fiber. The press is a single-action hydraulic with 
spring-drawing attachment. 

Tough and resilient airplane wing tips and large interior sections, 
refrigerator door liners, etc., illustrate the trend to large-area thin- 
section shapes with or without integrally cured reenforcements as made 
by the impregnated sheet process. The larger drawn phenolic-and- 
paper laminated parts in Fig. 415 are cured with plywood inserts in 
place. For the thin sections involved steam-heated dies are fairly fast 
but dielectric heating is promising for production purposes. Inflexible 
central system hydraulic presses have initiated the work, but faster 
self-contained hydraulic presses. Figs. 291 and 416, and several avail- 
able designs of mechanical bottom stop curing presses, such as those in 
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Figs. 417 and 419, offer substantial production advantage. These 
presses may be had in both single- and double-action types of almost 
any bed area. With uniform sections of impregnated sheet materials, 
working pressures may go as low as 100 to 250 psi., and as non-uniformi- 



Fig. 416. — A flexible, independent unit with variable delivery pump, quick advance, 
precisely controllable pressure cycle and quick return. 

ties of section develop, may rise to 1000 to 3000 psi. Curing tempera- 
tures vary with the resins in the neighborhood of 240 to 400® F. or 
higher for some of the new materials. Trimming and piercing of cured 
shapes follows the rules for similar thermosetting flat laminates. 

Thenxipplastic resins in sheet and coil form include transparent and 
opaque flats, thermoplastic woven fabrics and other fabrics and papers 
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impregnated with thermoplastic resins. It is interesting that some 
thermoplastic “ waterproofed ” fabrics have been sewn together by what 
might be described as dielectric seam welding and thermoplastic tubing 
has been butt-welded by hot-plate heating of the ends, suggesting also 
thermoplastic spot or shot-welding probabilities. Most of the thermo- 



Fio. 417. — This fast compression molding press, used for thin sheet plastics, gives 
timed bottom-stop curing, available also in double-crank and double-action 

types. 

plastic resins are also soluplastic and may be softened and shaped or 
stuck together by the use of suitable solvents. 

Thermoplastic resins behave very much like metals in their thermo- 
plastic or hot-forging range. The resins, however, contain say 7 to W 
per ce^ut of suitable plasticizers for flexibility or avoidance of brittleness. 
Such plasticizers contribute little or nothing to tensile strength so that 
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drawing is again limited to materially less than the 50 per cent reduction 
which is the limit for materials having equal yield points in compression 
and tension (Figs. 136, 138 and page 158). 

Temperature and time relations are important to the success of most 
operations. Fast high-frequency dielectric heating heats simultane- 
ously throughout the material or the portion of the material between 
condenser plates. Other methods, limited in temperature to avoid 
excessive heating, require time for penetration of heat, increasing with 
thickness, as most resinous thermoplastics are slow heat conductors. 



Fig. 418. — Thermoplastic cellulose acetate is hot drawn and stress relieved before 
releasing, to hold the shape. (See also Figs. 403 and 404.) {Courtesy Celanese 

Celluloid Corporation,) 


The relation between temperature, plasticity and relative elastic spring- 
back are indicated in Figs. 373, 374 and the data given with them. 
Temperature must be high enough to permit change of shape without 
fracture of the particular material or mixture. If it is not high enough 
for immediate or spontaneous stress relief then the shape must be held 
long enough above the recrystallization temperature, Fig. 376, to permit 
easing of intermolecular strains to avoid spring-back. If temperature 
is so high that gravity strains might distort the formed piece, then 
the shape must be held until cooled enough to retain its profiles. 

Fig. 418 shows three shapes drawn from cellulose acetate (Lumarith) 
sheet. The reverse drawn small part was pinch trimmed from an over- 
size blank and the flange resistance in drawing was such that consider- 
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able stretching took place, reducing the material thickness about 50 per 
cent in the inner sections. The other two were double-action draw jobs 
following the principles of Fig. 135. Both were drawn over rather 
small draw radii and pinch-trimmed (see Fig. 62) by a shoulder on the 
draw punch. The deeper cup figures about 37 per cent reduction. 
Presumably for relatively deeper shells, these might be redrawn in a 
series of easy reductions, either at one heat or with intermediate rewarm- 
ing. Localized preheating of the areas subject to plastic rearrangement 



Fig. 419. — No. 19 Bliss compression molding toggle press, regularly fitted with 
adjustable electronic timing of bottom dwell period, for mica parts, cellulose-nitrate 

formed numbers, etc. 

is likely to be advantageous in some cases and it is probable that elec- 
tronic heating of the area in contact with an insulated blankholding 
ring may prove advantageous in production. Light gauge rectangular 
shapes as for radio dial windows and large J^in thick rectangular dishes 
with a pouring spout at one comer are examples of odd shapes drawn 
in cellulose thermoplastics. Cellulose nitrate numbers are drawn in 
presses like that in Fig. 419, having a timed bottom stroke dwell to 
allow completion of stress relief in order to hold shape. Along similar 
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lines are bottom stop and bottom dwell presses in Figs. 250 and 405 
for rubber, mica with plastic binder, papers, celluloid and other cellulose 
mixtures. Successful bottom stop mechanical presses require that the 
slide or ram drive decelerate smoothly to a precise stop on bottom 
center and accelerate with proper mechanical advantage at the com- 
pletion of the time period. Adjustable electronic timers are available 
for both mechani(;al and hydraulic presses. 

Optical clarity and smoothness arc essential after forming of some 
transparent thermoplastics such as methyl methacrylates and cellulose 
acetates for aircraft contour windows. Differences between the plastic 
ranges and working temperatures of these two thermoplastics were 
noted in Figs. 373 and 374. Punches may be made of plaster, plastics, 
zinc or other smooth-finish material but even so should be covered 
smoothly with tliiri felt, canton flannel or stretchable rubber-backed 
suede, and should be protc^cted from dust which is likely to cause light- 
distorting imperfections. In all such shallow profile forming the mate- 
lial must be firmly gripped and stretched to the shape and then held to 
stress relieve and to cool sufficiently for handling. 

Curling operations may be performed with a revolving head as in 
paper and metal working. Letter stamping and marking operations 
with brass or steel dies arc performed with a comparatively brief dwell 
for setting or stress relief. Where markings must remain accurate and 
should therefore be impressed at normal room temperatures, it is neces- 
sary to select a material which is still thermoplastic at or below room 
temperature. 

Brittleness, causing splitting, crazing or fractures from a sheared 
edge, is especially likely below the thermoplastic range of materials 
which are not plastic in the crystalline state. See also Fig. 108 and 
page 117. The sharp break at the end of the elastic curves at the lower 
temperatures indicates such brittleness in Figs. 373 and 374. Synthetic 
plastics having thermoplastic ranges beginning below normal room 
temperature include in general cellulose nitrate, cellulose acetates, 
ethyl cellulose, vinylidene chloride, etc., which may therefore be punched 
and sheared without heating. Methyl methacrylate, other acrylics 
and styrenes, however, have higher ranges and are likely to require warm- 
ing up. * The higher the temperature, however, the greater is the tend- 
ency to drag down to a rounded edge and to close in the hole size in 
punching. 

Blanking, piercing, trimming and other operations discussed in 
Chapter IV are practical for organic thermoplastics in much the same 
way as for metals. Shaving operations may also be used. The light 
cutting loads permit the use of knife-edged hollow cutters and steel-rule 
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dies in single or multiple thicknesses as in the case of paper and card- 
board. 

Bending operations are difficult only in that the greater elasticity 
of the material requires either a considerable overbend or suitable tem- 
perature and time for stress relief, Fig. 376, to hold the bend. 

Bonded metal-“ plastic ” and other combinations of bonded mate- 
rials continue to offer a more or less unlimited field. The bonding of 
metal to metal by plating, spraying and roll- welding is commonplace. 
The pressure-welding of powdered metals to metals is becoming familiar, 
Fig. 391, as in the production of copper electrodes durably tipped with 
sintered copper and tungsten, or copper and tungsten carbide; and of 
steel dies and cutting tools faced or edged with tantalum or other car- 
bides and cobalt or other binder. Copper and silver brazing of steel 
parts enter into the same scheme of joining by surface alloying or weld- 
ing. In general a molecular attraction or chemical affinity is fostered 
under pressure (for intimate contact) at temperatures above the recrys- 
tallization range of one or both constituents (for molecular readjust- 
ment). 

Metals coated on one side with protective lacquer and on the other 
with decorative thermoplastic paints are deep-drawn, threaded (by 
rolling), knurled, curled and otherwise severely worked with little or 
no damage to the coatings as in the manufacture of screw caps decorated 
cans, toys, etc. Metals have long been sprayed with ceramic clays and 
color pigments and baked to a hard porcelain finish for tubs, kitchen 
ware, etc. The bonding of organic or synthetic rubber to metal for 
highly stressed shock-absorbing mountings, seals, bumpers, treads, etc., 
is well known. Combination of plasters, insulating materials, reenforc- 
ing or fire retarding metals, metal inserts and durable, decorative syn- 
thetic surfaces in economically produced sheets is gaining impetus. 
Fig. 407 showed a fire-retarding composite section of plywood, thin 
metal and colored non-inflammable synthetic surface used for table 
tops, doors, etc. 

Properties of the infinite number of alloys, synthetic or natural 
combinations or mixtures of the chemical elements can only be given 
in barest outline in the plastic properties tables in the Appendix. Most 
metal manufacturers are publishing constituents, approximate propor- 
tions and some physical and chemical properties of the materials they 
offer. Non-metallic material producers have done a pretty good job 
with presentation of chemical, electrical and some physical properties 
but the wide range (minimum to maximum) of these properties and the 
lack of listing of constituents and proportions suggests some uncertainty, 
particularly in the matter of possibly unstable plasticizers. No hand- 
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book or other compendium has yet undertaken the definitely unstable 
task of listing the wide range of engineering materials and their wanted 
properties. 

Methods of plastically working metallic and non-metallic materials 
have been illustrated in a variety of ways. Temperature and time 
requirements have been shown to vary with the type or types of plasticity 
characteristic of the material or mixture. The tools, be they called 
dies, molds or whatever, to produce a particular shape depend upon 
pressure intensity, proportions and production requirements. Metal 
working, in the earlier chapters, has been discussed at greater length 
because of its earlier adaptation to mass production methods. Note, 
however, that regardless of whether the material is metallic, organic, 
ceramic or a mixture of these, the same basic principles govern plastic 
flow in the several states of plasticity. 
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GRAPHICAL COMPUTATIONS 

Alignment diagrams may frequently be used to advantage in making quick 
approximations which arc sufficiently close for engineering purposes. Such 
diugraim must he used with judgment and mith freqmnt allowances for intangibles. 

The charts which follow are grouped to include, first, the computation of 
the pressure and vork re(iuir(*mcnts of the particular metal-working job, and 
second, the pressure and work capacities of the press which is to do it. Most 
of the formulae used are selecU^d from those which have been developed and 
explained at length in foregoing chapters. In arranging the charts suitable 
constants have been included so that the results read in tons and inch-tons. 

Reading Charts. — The alignment-type chart, as used here, involves merely 
a suitable arrangement and numbering of logarithmic scales, such as arc used 
in the slide rul(', to suit the formula and a representative range of values. Thus 
in a multiplication it is only necessary to lay a rule or other straight edge across 
the chart coinciding with given values on two scales, and read their product on 
the third scale. Where a number of values must be combined, the number of 
scales must be increased to suit. Constants and conversions are taken care of 
in la>dng out the scales so that no attention need be given to them. 

Examples, followed through with dotted lines and arrows, are shown on 
each chart to illustrate the method of reading it. Thus, in Chart I, the example 
shows the load required to punch a 4}^-in. blank out of No. 18 gauge (0.050 in.) 
brass having a shearing resistance of 40,000 lb. per sq. in. The straight edge is 
placed across the value 4.5 on the diamett^r scale and 0.05 (or No. 18 gauge) on 
the metal thickness scale. The point at which the straight edge crosses the 
center line or pivot scale is marked or noted. This point and the value 40,000 
on the shearing strength scale serve to locate the straight edge for the final read- 
ing, which gives 15 tons on the shearing pressure scale as the answer. A celluloid 
triangle is recommended for reading the charts, as figures and notations are 
visible through it. Even a piece of paper may be used, however. 

Safety Factors. — Some allowance must be introduced into the use of 
almost any chart or formula to compensate for intangibles, omissions and acci- 
dents. Such an allowance has been facetiously called the “factor of ignorance,^’ 
a term which has some justification, for if the intangibles were definitely known 
they might be included in the original formula. 

In metal-working operations some variation in thickness, temper and consti- 
tution of the metal must always be expected. In the equipment, friction and 
inertia losses may be considerable, and there are often stripping, counter- 

457 



458 


APPENDIX I 


balancing or blank-holding pressures which may or may not have to be added 
to the working loads, and which are frequently relatively large. Certain classes 
of fine and delicate tools require oversize machines so that frame deflections, 
wear of moving parts, etc,, will not reduce the tool life. Rugged tools for 
flattening, stamping, coining and otherwise squeezing or ‘‘hitting home’’ almost 
always make it essential to allow excess capacity, as small differences in metal 
thickness or in press adjustment cause large differences in working pressure. 

Tool maintenance and operating conditions will have an effect upon resultant 
loads. Fig. 38 showed the result of different tool clearances. Dull cutting 
edges, improper shear, roughened drawing surfaces and lack of lubricant, especi- 
ally in drawing, all add to the load. Double blanks are the most frequent menace 
in the matter of accidental overloads. 

Such considerations as these prompted Professor L. P. Breckenridge to call 
for the addition of the factor /, for “judgment,” in most engineering formulae. 
Wliatever it is called, an allowance must be taken into consideration in the use 
of many theoretical formulae. 

Blanking or Shearing (see also Chapter III). — The most common group 
of metal-working operations is that which includes blanking, piercing, parting, 
shearing, notching, trimming, perforating, etc. In all these cases the metal is 
stressed in shear between approaching cutting edges until a fracture occurs. 
The equipment and maintenance engineer may wish to arrive at the maximum 
blanking or shearing pressure required for his various tools, the effects upon this 
maximum pressure of shear on the punch or die (grinding one or the other at an 
angle), and the power or flywheel energy needed for the work. 

Chart 1 is arranged from formula 2, page 34, to give blanking or shearing 
pressures in tons. Its limits are selected to cover the normal range of power 
press (and squaring shear) capacities. It is assumed that the tools are ground 
flat and parallel, and have ample clearance. Friction is neglected. The con- 
stant TT for round work, and the conversion to tons (2000 lb.), are taken care of 
automatically in the scale arrangement. The area in shear shown on the center 
scale is incidental and usually unimportant, as this scale serves only as a pivot 
point between the first and second settings of the straight edge. The method 
of reading this chart has been described above. 

The shearing strengths indicated at the left of the chart were taken from 
Table II, page 36. As suggested in that table and by curves A and C in Fig. 32, 
the shearing resistance rises as the metal is cold-rolled to the harder tempers or 
as it is strain-hardened in drawing or coining. Specific data on that subject are 
still meager, although the shearing resistance is always below the nominal 
ultimate tensile strength in a ratio which varies from around 1 : 2 or 2 : 3 in the 
annealed state toward 1 : 1 at the plastic limit. 

As a flat punch progresses through a sheet of metal, it deforms the metal 
plastically to a point where the ultimate strength is exceeded and fractures start 
from the opposing cutting edges of the punch and die. If there is proper clear- 
ance between the tools, the fractures meet almost instantly and the fractured 
portion of the sheared edge appears quite clean, Fig. 22. If the clearance is not 
sufficient, the first fractures do not meet and secondary shearing takes place 



GRAPHICAL COMPUTATIONS 


459 


with a characteristically irregular and ragged appearance around the edge, Fig. 
23. When the cut is clean, a brightly burnished band around the edge of the 
blank indicates how far the punch had to penetrate before the fracture occurred. 
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This is of interest in connection with Charts II and III, as the work is entirely 
or nearly completed at this point. 

The per cent penetration to effect shearing, as shown in Table II, comprises 
largely values obtained experimentally from tests performed in a recording Olsen 
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testing machine. Several typical curves are shown in Fig. 420. The clearance 
was ample for a clean cut in curves a, b, c and d, and the end of the curve indi- 
cates the point of fracture. Curves e, / and g show the effects of progressively 
reduced clearance upon c. 

Figs. 28 and 29 illustrate diagrammatically the effect of shear upon the 
blanking load. The noun “shear’' refers to grinding either the punch or the 

die at an angle, the other 
member remaining flat in 
order not to distort the 
product. The amount of 
the shear is the difference 
between the high and low 
points of the angular face, 
Fig. 28, even though the 
punch may be ground down 
both ways from one or more 
high points. 

The effect of shear is 
clearly to reduce the peak 
load of blanking by shearing 
a little at a time instead of 
taking the whole cut at once. 
The total work done is not 
changed, being merely a 
lower pressure continuing 
through a longer time. 
Thus in either of the 
groups in Fig. 29 the area 
under the curves remains 
the same. A small amount 
of shear (less than the 
distance a flat punch must 
travel to effect shearing) 
does not appreciably reduce 
the load but does ease the 
dangerous snap-back, espe- 
cially of C-frame presses, 
which occurs when the whole 
load is released instantly by 
the fracture. See Fig. 29. 
Chart //is designed for use in approximating the extent to which the total 
or maximum load is reduced by shear on the tools. In the case of ample clear- 
ance and a clean fracture, the result obtained is high as the calculation is based 
upon the assumption that the working pressure without shear is equal to the 
maximum pressure recorded, throughout the working distance. Reference to 
any one of the curves in Fig. 420 will show that this is not quite true. The 



Fig. 420. — Blanking pressure curves for: (a) annealed 
aluminum, (6) dead soft coId-roJIed steel (low carbon), 
(c) annealed 0.20 to 0.30 C steel, and (d) annealed 
high-carbon steel, having about 10 per cent metal 
thickness clearance. Dotted curves (e), (/) and (g) 
illustrate the effect upon curve (c) of clearances of 
about 8, 4 and 1 per cent respectively. 
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pressure rises gradually to the maximum and then usually falls slightly to the 
point at which the fracture occurs. The average pressure for the penetration 
distance, which would naturally be lower than the maximum pressure, would 
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give an accurate result. But an accurate pressure diagram is rarely available, 
and the chart is close enough for ordinary purposes. Note that it is always 
desirable to have considerable excess press capacity on blanking work for the 
sake of tools. 
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In the case of insufficient clearance in the tools and a ragged fracture, second- 
ary shearing occurs so that the pressure curve does not drop sharply but con- 
tinues as suggested by the dotted lines in Fig. 420. Several dotted curves are 
shown to indicate the manner in which secondary shearing increases as the 
clearance becomes less and less. The square root scale for per cent penetration 
is an arbitrary method of compensating for the effect of secondary shearing, but 
is ample, in the opinion of the author, to cover any ordinary cases. Usually, of 
course, the result will be high. 

Chart II is read from the top down, and, as indicated by the example in 
dotted lines, the third and fifth lines are used only as pivot points for the straight 
edge. The somewhat empirical formula used is: 

D X % penetration\ 

P = ( — — ) X P max. (41) 

\ amount of shear / 

The thickness multiplied by the per cent penetration to effect shearing gives 
the actual working distance in inches. This divided by the amount of shear on 
the tools in inches gives the proportion of the length of the cutting edge which is 
actually working at any instant. See Fig. 28. This, multiplied by the maxi- 
mum pressure (without shear) from Chart I, gives approximately the maximum 
working pressure. As noted at E on the chart, formula 41 does not hold unless 
the shear is sufficient to give a value less than 1 for the portion which is in 
parentheses. 

In checking up power requirements or fl3rwheel capacities, it is necessary to 
know the actual power absorbed in doing the vFork. In the case of shearing, 
this is properly the working distance multiplied by the average pressure, or 
graphically, the area under the pressure-distance curve, Figs. 27 and 420. As 
such curves are not easily obtained and therefore average pressure cannot be 
measured, we resort again to the approximate methods used above. That is, 
in Chart III, the maximum pressure (P, from Chart I) is used in place of average 
pressure, and the working distance is taken as the product of the metal thickness, 
t, and the per cent penetration, using two scales for the latter. Then the energy 
or work, W, in inch-tons is: 

W = t X% penetration X P X 1.16 (42) 

The 1.16 is to include a 16 per cent allowance for machine friction. This can 
be only a general case, of course, as the arrangement and condition of machines 
vary widely. 

It should also be noted that an allowance should be made for heavy stripper 
springs, when used, and for wall friction in pushing slugs through the dies, when 
there are long straight walls, as is occasionaUy the case. 

In using Chart III, read thickness and per cent penetration first, to obtain 
the pivot point for the straight edge. Then set the straight edge on this point 
and the pressure value, to obtain the work. 

Drawjiig and Redudng (see also Chapter VIII). — Power-press operations 
involving the cold drawing and redrawing of metal from flat blanks into cups, 
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pans and a multitude of other shapes are second only in breadth of application 
to the blanking and punching operations just discussed. 
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Chart III 


The starting point in the drawing group is to compute the size of blank re- 
quired to make the desired shell For most purposes the shell is relatively thin, 
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and the bottom corner radius is small so that both may be neglected. The 
formula is then merely the equation of the surface area of the shell and the area 
of the blank: 


7rD2 

4 


4 


-f" Ttdh 


in which D is the blank diameter, d the shell diameter and h the shell height. 
For slide-rule use this reduces to: 

D = y/d^ + Adh (25) 

Neither formula adapts itself to a chart which is easily read, so that it seemed 
best to use the form: 

~=^d{h + Hd) 

4 

In Chart IV j then, it is necessary to add one-quarter of the shell diameter to the 
height, for use on the left-hand scale as a starting point. That is quickly done, 
however, and it is then possible to set the other end of the straight edge at the 
shell diameter and read the approximate blank diameter on the center scale. 
An example is shown dotted on the chart for illustration. Table XXV, page 
488, is based on the same formula and covers quite a wide variety of shell sizes. 

If the metal thickness and bottom corner radius are relatively great, as 
shown in Fig. 144, so that these also should be considered, formulae 26 and 27 
on page 162 should be used. The latter is really based upon figuring the volume 
of metal required rather than the surface area. Volume or weight is also the 
only proper basis for approximating shells which have been subject to severe 
ironing (reducing the wall thickness). 

It is rarely possible to compute any blank precisely or to maintain perfectly 
uniform-height shells in operation, for the thickening and thinning of the wall 
vary with the completeness of annealing; the height of ironed shells varies with 
commercial variations in sheet thickness and the top edge varies from square to 
irregular, usually with four more or less pronounced high spots resulting from 
the effect of the direction of rolling on the crystalline structure of the metal. 
Thorough annealing, of course, should largely remove this directional effect. 
For all these reasons it is ordinarily necessary to figure the blank sufficiently 
oversize to permit a trimming operation. Common practice is to finish the 
drawing tools first and then correct the figured blank size by trial, before making 
the blanking die. 

The trial method applies even more particularly to rectangular jobs than to 
round ones. The length and width of the blank can usually be approximated, 
as the sides are nearly straight bending. At the comers the drawing action 
cannot be compared directly with that in round shells as the unstrained side- 
walls act as a relief axea. The developed comer for a rectangular shell blank, 
as found by trial, is not bounded by a radius but more nearly follows a 45® angle 
across the comer with a little radius at each end, Fig. 156. 

Chart V is arranged particularly for convenience in approximating the num- 
ber of operations in a series of reductions for a round shell, or for adapting stock 
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BLANK DIAMETER 



Heighr of shell plus one Approximate blonk diameter, Shell diameter, d. 

quarter of its diameter 0. inches *" No allowance for inches. 

(A+h), inches. corner radius, stretch, or 

ironing. 


Chart IV 
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draw rings to the specific job. The scales on the chart are so laid out that it 
can be read progressively from left to right and then right to left, etc., as indi- 
cated by the bracket arrows. The example, shown in dotted lines, illustrates 
the selection of a series of operations for producing a 3}i6-in. diameter shell 
from a 10-in. diameter blank. Following the dotted lines, note that the blank 
(d) is reduced 40 per cent in the first draw to a 6-in. diameter shell, which is 
reduced 30 per cent in the second draw to a 4.2-in. diameter shell, which in turn 
is reduced 25 per cent in the third draw to the required 3.18-in. diameter. This 
series is conservatively chosen for most cases and should cause no trouble. 
Trial will also show that the job might be done in two steps, assuming a limit 
48 per cent reduction to 5.18 in. in the first step and a double-step single-action 
reduction of 38 i>er cent for the second, providing the metal is thick enough. 
Both of these would be troublesome oj^erations to get going, however, and very 
close control of the material would be necessary. 

Fig. 421 is offered tentatively as a means of determining the maximum reduc- 
tions permissible under various conditions. It is an initial effort at so concise 
a form and may be open to modification. The top limit of 50 per cent reduction 
for a first operation seems to be substantiated both by practice and by the theory 
concerning the strains set up in drawing. The 30 per cent limit for double- 
action reductions is dictated by practice and is modified by friction, corner 
radii and whether the blank-holding face is flat or at an angle to the shell wall. 
The 25 per cent limit for single-action reduction is taken from practice and 
depends upon the formation of wrinkles. Two-step dies in single-action reduc- 
ing, Fig. 148.E', are not especially common but seem to reduce the tendency 
to wrinkle and permit a higher limit. 

The relative thickness of the metal is the factor which determines whether 
or not a blank-holder is necessary or possible, so that in Fig. 421 the basis for 
comparison is t/d^ or blank thickness divided by blank diameter. The lines 
which mark the boundaries of single- and double-action work are necessarily not 
sharply defined, as much depends upon the radius or angles of various parts of 
the dies as well as upon the material itself. 

In order to compensate to a certain extent for strain-hardening of the metal, 
some die designers prefer to use a descending series of reductions where a num- 
ber of operations are to be performed without annealing. Thus for double- 
action reductions the successive steps may be 30, 25, 20, 16, per cent, etc. For 
single-action redrawing the series might start at 25 per cent reduction. For 
very thin material either series would start lower. 

The upper dotted line on Chart V indicates that the total reduction from 10 
to 3.18 in. amounts to 68 per cent. This is a measure of the amount of cold- 
working to which the metal is subjected, and may be used in judging the need 
for annealing. Records are available showing total reductions of 59 per cent 
between anneals in best quality drawing steel, Figs. 125 and 126. 

At the top of Chart V is a scale for comparing various common methods of 
describing reductions, as a means of reconciling factors used in different plants. 
Thus the relation between a 10-in. diameter blank and a 6-in. diameter shell 
naay be described as a 40 per cent reduction of the blank, a shell diameter 60 



per cent of the blank diameter, or a blank 1.66 times the shell di 
The author prefers per cent reduction as a measure of cold-working. 
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Pig. 421. — Tentative chart for determining maximum reduction (in diameter) by 
various methods. Dotted lines seem to be proving unduly conservative. 


Chart VI, for computing quickly the maximum working pressure in drawing 
operations, is based upon a free draw with sufficient clearance so that there is 
no ironing or burnishing, and upon a maximum reduction (nearly 50 per cent). 
Formula 21, page 156, gives actually the “load to pull the bottom out,*' or the 
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tensile strength near the bottom of the shell. This must exceed the drawing 
load in a successful draw, or tearing would result. Lower pressures for shallower 
shells are discussed in connection with formula 22. If there is ironing, wall fric- 
tion may carry a considerable part of the added load. Other combinations of 
operations, such as blanking and drawing, drawing and piercing, drawing and 
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stamping, etc., require that the added operation be figured separately, though 
it need not be added if it occurs before or after the actual drawing period. 

In using the chart, the outside diameter of the shell is close enough unless 
the wall is relatively thick, in which case it is better to use the mean diameter 
(OD — t) or (d ~ 0, Fig. 144. Following the example shown by dotted lines, 
note that a line between the diameter, 10 in., and the wall thickness, H in., 
on the two inne* scales, gives the wall cross-section (nearly 4 sq. in.) on the 
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center scale. This value, and the tensile strength of the material (deep 
drawing steel) on the extreme left scale, give the maximum drawing pressure 
on the right. See stress at various shell depths in Fig. 137. 
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The work done in a drawing operation, or the energy required to do it, is 
roughly the product of the drawing pressure (in tons) and the depth of draw (in 
inches) giving work (in inch-tons). In actual practice the work requirement is 
materially less than this, owing to the gradual rise of the pressure. The true 
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measure of the work done is, therefore, the area under the drawing pressure 
curve. This has been noted down for each draw, in Fig. 137, using inch-pound 
units which may be easily converted to inch-tons. For use in later check-ups 
of flywheel capacity and motor drive, a formula for work, W (inch-tons), may 
be expressed : 

W = PXhXC (24) 

in which the corrected drawing pressure, P (tons), and the shell height, h inches, 
have occurred before. The constant, f", which is not included in the chart, 
may be taken at 60 to 80 per cent (0.60 to 0.80) to allow for the gradual rise of 
the pressure. 

Drawling operations are performed both in double-action toggle and cam 
presses and in single-action presses equipped with pneumatic, spring or rubber 
drawing attachments. In toggle-press construction the blank-holding pressure 
is taken on rock shaft bearings in the press frame so that the crankshaft sustains 
only the drawing load. The other types take both the drawing and the blank- 
holding loads on the crankshaft, and allowances should therefore, be made in 
computing press capacities. For deep drawing of round work the blank-holding 
pressure should be under 30 or 40 per cent of the drawing pressure. For large 
rectangular work the drawing load is relatively lower than for round work, but 
the allowance for blank-holding may run as high as 100 per cent. In stretching 
shallow shapes such as casket tops the metal must be gripped tightly around 
the edge, and blank-holding pressure may be two or three times the relatively 
low drawing load. 

Ironing, Coining and Forging (see also Chapters X and XII). — This group 
of operations is distinguished by the fact that the primary working stress is 
compressive, and in all but the first case the blank or slug is squeezed directly 
between the punch and die. The operations included in this group are ironing, 
stamping, sizing, swaging, coining, extrusion and press forging. 

Ironing, which is the reduction in thickness of drawn shell walls by pulling 
them through tight dies, is related to both shell drawing and wire drawing. It 
is done to obtain a wall which is thin compared with the shell bottom, to obtain 
a uniform wall, or a tapered wall as in cartridge cases, or merely to correct the 
natural wall thickening toward the top edge of a drawn shell. In this last case 
the amount the wall thickness will increase in drawing must be discovered. 

Chart VII IS arranged to show approximately the natural change in thickness 
accompanying a change in diameter. The results which it gives apply to the 
upper edge of drawn shells, since the wall thickness tapers from a maximum at 
that point to a minimum at the bottom comer, where it may be as much as 10 
or 16 per cent less than the original metal thickness. Even at the top edge the 
metal thickness is likely to be a little less than the theoretical thickness given 
by the chart because of the thinning effect of bending over the drawing edge. 
A sharper radius or a deeper draw increases this thinning effect. 

jChart VII is always read from left to right, drawing a line between the original 
diameter (of blank or shell) and the final (shell) diameter, on the tw^o inner 
scales, to obtain the maximum per cent reduction or expansion on the center 
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scale. A second line through this point, and starting from the original metal 
thickness on the left-hand scale, will indicate the approximate maximum wall 
thickness at the upper edge of the final shell. An example is indicated in dotted 
lines. It is noted on the chart that this is based upon a draw with suflicient 
clearance between the punch and die so that there will be no ironing. 

Then if the clearance between punch and die is made equal to the metal 
thickness (0.0625 in. in the example) there is an ironing load added to the draw- 
ing load (sufficient to remove 0.0805 in. — 0.0625 in. = 0.018 in.). If a parallel 
wall is desired, it will be necessary to iron down to the thickness of the thinnest 
part of the wall, which is appreciably^ less than the original metal thickness, 
depending upon the sharpness of corner radii and the severity of reductions. 

Chart VIII offers a convenient means of approximating the pressure required 
in ironing. Referring to the example shown in dotted lines, note that the two 
inner scales are used first, to establish the pivot point on the center scale. Thus 
a shell ironed to a finished diameter of 4 in., with a displacement of 0.010 in. of 
the total metal thickness, will require an ironing pressure of about 3.8 tons, 
assuming that the material is a mild steel not severely strain-hardened and there- 
fore offering a compressive resistance of about 50,000 lb. per sq. in. This must 
be added, of course, to the drawing or redrawing load figured separately from 
data just given. The formula used, which differs from the more accurate 
formula 30, for simplicity is : 

P = 1.27rX(iXtX/S' 

in which P is the approximate maximum pressure required in tons, d is outside 
diameter after ironing in inches, i is the reduction in wall thickness in inches, 
and S is the compressive resistance of the metal under existing conditions of 
strain-hardening, in pounds per square inch. A 20 per cent allowance for 
surface friction in addition to the work of coining is included. This is an 
arbitrary figure which should cover well-polished dies and suitable lubrication. 
Lack of lubricant, tool-mark rings on the dies or picking up on the surface will 
increase the friction load to a much larger figure. 

If the wall of a shell is ironed thinner by the same amount for the entire 
length of the shell then the work done is approximately the product of the length 
of the shell or of the ironed surface and the pressure required for ironing from 
Chart VIII. That is: 

W - PXl (31) 

in which work, TV, is in inch-tons; pressure, P, is in tons; and length, Z, is in 
inches. This is the case in most cartridge case operations, Fig. 153. If a 
reducing operation accompanies the ironing, then the drawing pressure should 
be added to the ironing pressure. 

If the ironing operation is merely to correct the natural changes in wall 
thickness due to drawing and reduces the thickest portion near the top of the 
shell to equal the thinnest portion near the bottom, the average ironing pressure 
will equal about half the maximum, and the formula will be: 


W - 0,BPXl 


(31a) 



GRAPHICAL COMPUTATIONS 


473 


Among the direct compression or squeezing operations, including stamping, 
sizing, swaging (or forging), coining and extrusion, the working pressure required 
is based upon the plan view area or '‘projected’^ area of the job and the compres- 
sive resistance of the metal. The resistance varies with the relative amount 
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Chart VIII 


of flow and freedom of flow of the characteristic operation as well as with the 
material and the amount of cold-working (strain-hardening) which it has 
undergone. 

Chart IX involves a simple multiplication: pressure or press capacity, P, 
in tons, equals the product of the projected area of the piece, A, in square inches, 
and the compressive resistance of the material, S pounds per square inch, in 
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which proper allowance must be made for the character and arrangement 
of the job. 

A XS (43) 
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The press capacity may also be determined from direct tests with the finished 
tools, performed in testing machines or hydraulic presses with suitable gauges. 
In such cases it is conservative practice to double the test pressure in selecting 
the mechanical press owing both to its much greater speed and to the inflesdble 
character of a good stiff machine, a factor which contributes much to the accuracy 
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of the finished product. In selecting extrusion presses based on test results the 
experimental pressures should be more than doubled, as the increased speed of 
flow through the small orifice around the punch greatly increases the work- 
ing load. 

Somewhat less conservative ratings may be used with assurance for manj 
operations of the squeezing group by arranging the presses with hydro-pneu- 
matic overload-relief cushions built into the press-bed. Such combination 
machines, Figs. 203 and 246, take care of variations in volume of material, 
double blanks, cold slugs (in ^////////////// m 

forging), etc., without sacrificing 

any of the speed, operating and ^ Xb.L, 

maintenance advantages of the ./ 

mechanic.) equipment 
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Fig. 422 is prepared primarily j Catmn^ 

to distinguish certain typical opera- 
tions and to illustrate differences 
in the freedom of flow of the ma- 

terial. Considerable judgment must K Eytrus^n l 

be exercis^ in tlais connection in es- 422._Tyirical operations of the squeez- 

timatmg the surface pressure which illustrating also restriction of 

may be built up m completing the metal flow. 

operation. 

Stamping and embossing (at a and 6), in which the original thickness of the 
sheet is unaltered except by the relatively mild strains of bending and stretching, 
may be very easy operations, hardly belonging in the squeezing group. * This 
is particularly true in case a, where the die is relieved above and below so that 
it cannot strike solidly at any point. The operation is therefore practically 
drawing and may be figured, for steel, at 15 to 20 tons per square inch of cross- 
section along each line of the design. In case b the die ‘‘hits home” over the 


' ^#34 forging 


Fig. 422. — Tyjncal operations of the squeez- 
ing group illustrating also restriction of 
metal flow. 


entire surface, but a sharp impression may be obtained with a relatively low 
pressure as the operation is intended to be bending and not squeezing. A little 
carelessness in set-up, however, or an oversize blank will greatly increase this 



476 


APPENDIX I 


pressure. In fact, it may actually rise several hundred per cent, as the very 
large area relative to the metal thickness makes it almost impossible for the 
metal to flow out. 

Sketches e, g and i in Fig. 422 illustrate other “ closed ’’ dies in which danger- 
ous pressures are possible if care is not exercised. In the sizing operation at c 
the metal is entirely free to flow, but the die comes together on solid contact 
faces X, in order to make the accuracy obtained less dependent upon the thick- 
ness and hardness of the original forging. Such surfaces should usually take 
at least as much pressure as the forging itself. Presses for this work are often 
selected on a basis of 100 tons per square inch, though the actual pressure on 
the surface of the forging may not exceed 25 or 30 tons per square inch. In 
swaging or cold-forging steel (422d) the contact surfaces are usually unneces- 
sary, but the pressures are higher on account of more severe working of the 
material. Accordingly, large areas and closed dies (422c) are out of the (question 
in working steel, though practical, with care, for copper and other softer metals. 

Coining (422t), in which metal is forced to fill an impression (usually) in a 
closed die, is limited to the softer metals and is usually figured for safety at 
about 90 tons per square inch. 

Fig. 422^, typical of collapsible tube extrusion work, is limited to tin, lead 
and some pure aluminum work. Fig. 422Z is somewhat less severe on tools and 
takes in (cold) copper extrusion. General figures of 60 to 100 tons per square 
inch cover most cold-squeezing operations wdth safety and represent about the 
maximum that present tool steels will stand. 

Hot-forging pressures are figured conservatively at about a third of cold 
operations, although proper forging heats often bring the actual pressures 
relatively much lower. 

In figuring energy or work (average pressure times working distance), in 
squeezing operations, the distance the punch travels from its first contact with 
the slug or blank to bottom stroke includes the amount the metal is moved and 
the amount of deflection in the press and tools (although part of the energy 
required to stretch the machine may be returned to the system, depending upon 
speed and friction relations). The working pressure will begin at the elastic 
limit of the material times the area of contact and will rise gradually as the 
material strain-hardens and the contact area increases. In the case of closed 
dies there is likely to be a further sharp rise when the die fills, its duration and 
extent being determined by the amount necessary to stretch the press to get 
over bottom center. The material, of course, is practically incompressible. 

Press Selection. — ^After determination of the pressure in tons and the work 
in inch-tons required to do a given blanking or forming job, it is necessary to 
select a suitable press equipment. This involves consideration of : 

The strength of the press, or its tonnage capacity; 

The energy available for work, or flywheel capacity; 

The speed of operation, or crankpin velocity; 

Xhe size of motor, or power requirement. 
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Here, again, general formulae, which are as satisfactory as possible, are 
offered with the warning that they be used with a conservative margin for 
safety, to cover many small variations in proportion and modifying influences 
which cannot be covered in so limited a discussion. 

Tonnage Capacity. — Power-press builders have, in general, avoided placing 
definite tonnage ratings on their machines. The reason is indicated in part by 
Fig. 423. There are shown four machines of about the same normal tonnage 
rating, photographed to a})proximately the same proportion to indicate the 
wide disparity in overall dimensions. The difference is principally in stroke 
and working distance to suit different classes of work. The small coining press 
with a IJ 2 -in. stroke will work through, say, j « in. The forging press has a 4-in. 



Fig. 423. — How big is a 250-ton press? Here are four geared, single crank, tie-rod 
frame presses of that cai)acity weighing respectively 12,000, 24,000, 33,000 and 
145,000 lb. These are photographed to about the same scale. 


stroke and IM-in. working stroke. The general utility press has a 10-in. stroke 
and, say, 4-in. work stroke. The toggle press has a 28-in. stroke and 13-in. 
drawing stroke. The motor requirements will go up in general in proportion 
to the size, stroke and working distance. 

Chari X is based upon the fact that if presses are similarly proportioned for 
a range of work the crankshaft may be taken as the index of tonnage capacity. 
There has been a tendency to underrate small presses and overrate large presses 
in line with an opposite tendency in the estimation of jobs. The difference has 
been blamed, without apparent justification, ujx)!! speed of operation. 

If crankshafts of a given type are designed to about the same proportions, 
and their dimensions are reduced to terms of the shaft diameter, d, at the main 
bearings, as in Fig. 424a, the bending strength of the crankshaft at the center 
of the pin and the combined bending and torsion load at the side of the slab 
reduce to formulae for the pressure capacity P in terms of a constant and the 
shaft diameter squared, i.e.: P = C(P. The constant varies according to the 
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type and stroke of shaft. The method of analysis used has been checked against 
actual bending tests. 

A series of constants for different shaft conditions is given in Table XXIV. 
These are based upon the bending strength of about a 0.40 C steel stressed to 
its elastic limit in fatigue. This limit is taken at 28,500 lb. per sq. in., and there 
is no so-called factor of safety except in the case of the eccentric type shaft, 
Fig. 424d and which is subject to shear rather than bending. 
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Fi<}, 424. — Single- and double-crank type, semi-eccentric type and eccentric type, 
single and twin drive shafts. 


Table XXIV 
PRESS SHAFT CAPACITIES 
(Constants for Chart X) 
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pin 
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PRESS CAPACITIES 

See also Table XXX, p. 514 . 


Note: This chart should be used 
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scale gives maximum press 
ratings which should not be 
exceeded. They should often 
be substantially reduced de- 
pcndmg upon the nature of 
work being done. 




6- 


5.5 5.S.Dl)leCrdnK 


5.C. Eccentric 
<S.S.5in0le Crank 
^ --3.2 O.CTwin Drive 

: -2.6 inclinable Pr 


.Zt^R^ucmg Pr. 
.1.6 S.C.,5.0. 


ij 


Capacltn consianfX 
Approx. 3ee Table, 


.75 die. stroke 


1 . •• 

.3 ** 

t. 

3. 

1 . *♦ 

2 . “ 


3. 


p.CD* 


2000 - 
1500 J 

WOO.: 

flCi/.r 

600 Z 

500 r 
4001 
300l 

200 .: 


too J 
ao| 

60Z 
502 
402 
30 2 



10 2 
62 
6l 

5_ 

4_ 

3 .. 

2 _ 


1J 

Press ratings P 
Tons 

Keep working loads 
well witNn thistnaximum* 


Crankshaft dia.tO 
At Main Bearings 
Inches 


} 


20 
19 — 
16- 
17 j: 
IS- 
IS Z 
M- 
13 — 
12 — 
It J 

wZ 

9 — 
6 - 
7- 

6 - 


5 




1 - 


Chart X 



480 


APPENDIX I 


In Fig. 424 the three basic shaft constructions are the crank type (a) used 
up to strokes of three diameters (stroke = 3 X shaft diameter d), the semi- 
eccentric type (c) for strokes up to about one diameter, and the full eccentric 
type (d) which is the stillest but is limited to strokes of half the shaft diameter 
or a little more. These three are all shown with the single-drive arrangement, 
that is, a driving gear or wheel on one end of the shaft. The torsional load on a 
shaft is usually less than the bending load, but for long strokes there is an ad- 
vantage in dividing the torsion by driving from both ends of the shaft as shown 
at b and f. The extent to which twin driving affects the tonnage capacity of a 
shaft may be seen by comparing ratings of similar single and twin drive shafts 
in Table XXIV. Values in the table are figured at midstroke, but do not take 
into consideration the gearing or the rest of the drive. 

In using Chart X, select a suitable shaft constant from Table XXIV for the 
left-hand scale, take the shaft diameter on the right-hand scale and read the 
maximum tonnage on the center scale with a straight edge. C-frame press 
ratings should usually be more conservative than those for straight-sided presses. 
Strokes of two and three diameters (2d to 3d) indicate reducing or drawing 
presses which are rarely loaded to capacity except perhaps for a bottom bead 
stamping operation at the end of the stroke. 

Flywheel Energy . — A press frame and shaft may be amjdy strong, but if the 
machine lacks sufficient flywheel energy or driving power for the job, it will 
stall. Thus, for a greater working distance and for faster operation, more 
energy and power must be provided. Strength or pressure is measured, for 
our purposes, in tons. Energy^ which is (average) pressure or force multiplied 
by the distance through which it must be exerted, is measured in inch-tons. 
Power ^ which is the amount of energy to be supplied in a given time^ is measured 
in horsepower. To put it another way, strength resides in the frame and shaft, 
stored energy in the flywheel and power in the motor. 

Blanking operations are completed in a very brief portion of the press stroke 
or cycle. The flywheel instantly supplies (practically) all the energy required, 
by its resistance to being slowed down. The motor may then take the rest of 
the press cycle to restore the lost energy to the flywheel by bringing it back up 
to speed. 

Drawing operations take a considerable part (up to K) of the press cycle. 
The time is sufficient for the motor, at say 100 per cent overload, to share with 
the flywheel a considerable part of the work. 

For intermittent operation, 20 per cent is arbitrarily considered the maxi- 
mum the flywheel may be slowed down in drawing energy from it. For con- 
tinuous operation 10 per cent is considered the limit because of the shorter 
period to restore it. 

In Qhmi XI the inertia formula has been arranged for press flywheel use: 

E = RPM2 X D2 X TV/5,250,000,000 (44) 

in which the energy E, available at 10 per cent slow-down (in inch-tons), is 
obtained from the RPM, diameter D in inches, and weight W in pounds, and a 
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suitable constant which includes the necessary conversion factors. In reading 
this chart place a straight edge to connect values for the speed and diameter of 
the flywheel on the two inner scales, and mark where it crosses the center or 
pivot line. Taking this point and the flywheel weight on the left scale, the 
straight edge will indicate flywheel energy available on the right-hand scale. 


r ^5 
r 30 

^ 40 

^ 50 

r 60 
r 80 



Flywheel Flywheel 

Weighr. Speed. 

Wjbs, R.P.M. 


FLYWHEEL ENERGY 


inn—. 



Flywheel 
Diometer, 
0, inches 


Formula : - RPM^X D^X W - E A^ 10% slowdown 
5.250.000.000 

Bosed on an overage radius oF gyralion of about 575 D 
Example;- Given RPM & D firsr.rhen W; see doMed lines. 



Available Flywheel 
Energy, E.lncheslon 
(at 10% & 20% SO.) 


Chart XI 


Read the inner scale if the press is to work continuously and the outer scale if it 
is to be tripped for every stroke. 

If the result indicates that the wheel will not furnish the energy required, 
check whether the motor will handle the deficiency as discussed later, or go to a 
geared press, or increase the weight or speed of the flywheel. 
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Operating Velocities. — Chart XII is a simple multiplying nomogram for 
surface velocities of rotating parts. The formula is: 


V ^TrXd^ RPM/12 


(45) 
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in which velocity V in feet per minute is obtained from the diameter d in inches 
of a flywheel or pulley or the stroke of a crankshaft and the revolutions or strokes 
per minute of the wheel or shaft respectively. The chart is read from the outer 
scales to the center, as indicated by the dotted lines. 
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For safety with respect to centrifugal forces, cast-iron flywheels should not 
turn faster than 5500 ft. per min. on their surface. Approaching that speed 
they should be fairly carefully balanced for the sake of their bearings. 

The most economical belt speed is considered to be 5000 ft. per min., though 
many belts run slower. It is for this reason that large presses, carrying belts 
too heavy to shift, are belted direct on the flywheel. 

The chart may also be used to check drawing speeds (crankpin velocity) for 
comparative purposes. For drawing steel, the approximate limit of 50 ft. per 
min. is set by the tendency of the sheet to pick up on the die. The limit of 
200 ft. per min. indicated for brass is especially for free-drawing jobs where the 
dies do not lock the metal at the start. 

For figuring the drawing velocity more accurately than by Chart XII, the 
point in the stroke at which the draw actually begins must be taken into con- 
sideration. Chari Kill is provided for this purpose. As may be noted in Fig. 
177, the difference between the crankpin velocity ^Chart XII) and the momen- 
tary slide velocity (Ch'irt XIII) is greatest as bottom stroke is approached. 
Chart XIII is based upon the formula: 

F = TT X d sin a X SPM/12 (46) 

or 

V = 0.5233 X SPM xVdy - (36) 

in which V = maximum drawing velocity, in feet per minute; 
d = press stroke, in inches; 

SPM = strokes per minute of slide (continuous) ; 

y = distance up from bottom stroke that drawing begins (working 
stroke), in inches; 

o = angle up from bottom stroke at which drawing begins, in 
degrees. Value a is eliminated in formula 35. 

Chart XIII is read by selecting the '‘working stroke,’^ which is equal to the 
depth of draw plus an allowance for stripping in the case of push-through work, 
then traveling horizontally to a junction with the arc for the press stroke, thence 
vertically to the diagonal for the strokes per minute, thence horizontally to the 
contact velocity. Thus in making a 4-in.-deep draw in a 20-in. stroke press at 
12 SPM, the chart shows the drawing velocity at the start to be 50 ft. per min. 
which should be satisfactory for steel. 

Belt and Motor Energy . — For drawing work on presses driven by a flat belt 
from a line shaft, or motor, it is possible (below) to approximate the amount 
of the load which the belt will take care of. It is then possible with Chart XI 
to check whether there is sufficient flywheel energy to take care of the balance. 
The following formula for punch pressure P in tons (derived from belt pull) is 
based upon an assumption of 75-lb. pull per inch of width of double-ply 
leather belt. 


P = 0.0375«? X V/v 


m 
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In it, w = belt width in inches; 

V = craiikpin velocity from Chart XII ; 

V - belt velocity from the same chart, based upon the diameter and 

RPM of the flywheel or pulley, whichever is belted. 



Chart XIII 

The value of P obtained may be increased somewhat by multiplying it by 
the average mechanical advantage of the crank action from Fig. 425. To convert 


GRAPHICAL COMPUTATIONS 


485 


this to energy in inch-tons, multiply P by the working distance of punch travel 
in inches. 

For a V-belt or geared motor drive the following formula may be used to 
approximate the energy E (in inch-tons) which the motor will deliver to help 
the flywheel during the drawing portion of the stroke. 

E = 0.55 XdX HP/SPM (48) 



Fia. 425. — The mechanical advantage of belt pull over punch pressure due 

to crank action. 

in which B (theta) = the number of degrees (not over 90°) that the crankpin 
travels during the actual drawing portion of the stroke; 
HP =“ the horsepower of the motor without overload allowance; 
SPM =« the speed of the press in strokes per minute. 

Kotor Bor$epow 0 r, — Motor sizes specified for punch pressed are Usually 
blanket recommendations to cover the wide range of woric which may be put ^ 
in the average' all-purpose press. They are frequently high for blanking or * 
coining opeyiatibns and bw for deep drawing operations. 
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If the details of the work to be done are known, it is possible to approximate 
the motor requirements fairly closely. As explained in previous sections, the 
energy E in inch-tons to do the work is the product of the average working pres- 
sure P in tons and the actual working distance I in inches: 

E == P XI XC (49) 

To this must be added a liberal percentage, C, to cover machine friction, machine 
deflection, inertia of gearing in the case of friction clutch presses, spring stripping 
losses, etc. 

If the flywheel alone is capable of delivering the total energy requirement, 



7. FI^VN/he«l 


Fig. 426 —The relation between slow-down and energy delivered by flywheels. 


the motor need only return the wheel to speed, spreading its delivery of power 
over the whole cycle. Then the motor horsepower should be approximately: 

HPi = 0.005 XEX SPM (60) 

in which the eneriy, E, required per stroke, in inch-tons, is multiplied by the 
number of strokes per minute, with a suitable constant to convert inch-tons per 
minute to horsepower. In the case (rf intermittent action, take a value between 
Ihe mtviTnntn number of strokes per minute toat the operator can make and 
totel rated speed of the press. 

In drafting pperations which are spread out over an angle s of, say, oo to 
85 * of tiie (jycle, it is possible that a larger motor may be requited to take care 
‘of of the working load whidi the flywheel^ pmmot haiufle, 

wtnild h* required to return the flywtsetd ,to speed, as %ured aboye. ' aIwu 
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HPi just obtained should be compared with HP 2 given by the following formula, 
and the larger value taken. 

HP 2 = 1.82 X SPM X (El - E2)/d (51) 

In this formula HP 2 « horsepower required during the working period to take 
care of the fl 3 nvheel deficiency; 

SPM = the press speed (running continuously) in strokes per 
minute; 

(El — E 2 ) = energy difference in inch-tons between the job require- 
ment Ei and the flywheel energy available E 2 ; 

$ - the working part of the cycle in degrees. 

At the higher press speeds it has frequently been found necessary to select 
motors with capacities 100 per cent and more in excess of the theoretical horse- 
power (HPi), depending upon the type of the motor and its capacity to react 
to the very rapid pulsation^ of the energy demand. 

Punch press motors rnu$t usually l)e capable of taking repeated slow-downs 
of 10 to 20 per cent and eiren more with an overload of, say, 100 per cent. Fig. 
426 may be used to check the amount of flywheel slow-down, given the portion 
of the flywheel energy required. 
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in the bottom. Diameter of shell should be taken or amount of pressure on blank holding sur* 

from center of thickness of side walls. Sizes of faces. The character of metal, whether sheet 
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APPENDIX I 


Table XXVI 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 10 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 


0.00077 

0.098175 

2Me 

5 . 1572 

8.05033 

M4 

0.00173 

0.147262 

H 

5.4119 

8.24668 

He 

0.00307 

0.196350 

me 

5.6727 

8.44303 

H 2 

0.00690 

0.294524 

M 

5.9396 

8.63938 

M 

0.01227 

0 . 392699 

Mie 

6.2126 

8.83573 


0.01917 

0.490874 

Ji 

6.4918 

9.03208 

He 

0 02761 

0 589049 

M{e 

6.7771 

9.22843 

1^2 

0.03758 

0 . 687223 

3 

7.0686 

9.42478 

H 

0.04909 

0.785398 

He 

7.3662 

9.62113 

%2 

0.06213 

0.883573 

H 

7.6699 

9.81748 


0.07670 

0.981748 

/i6 

7.9798 

10.0138 

»H2 

0.09281 

1.07992 

h 

8.2958 

10.2102 


0.11045 

1.17810 

Me 

8.6179 

10.4065 


0.12962 

1.27627 

H 

8.9462 

10.6029 

Me 

0.15033 

1 . 37445 

lie 

3^2 

9 2806 

10.7992 

^2 

0.17257 

1.47262 

9.6211 ' 

10.9956 

^2 

0.19635 

1.57080 

®'16 

9.9678 

11.1919 

0.22166 

1.66897 

58 

10.321 

11.3883 

Me 

0.24850 

1.76715 

“ie 

10.680 

11.5846 

^%2 

0.27688 

1.86532 


11.045 

11.7810 


0.30680 

1.96350 

Hie 

11.416 

11.9773 


0.33824 

2.06167 

% 

11.793 

12.1737 

^Me 

0.37122 

2 . 15984 

me 

12.177 

12.3700 

^H2 

0.40574 

2.25802 

4 

12.566 

12.5664 

H 

0.44179 

2.35619 

Jle 

12 962 

12.7627 


0.47937 

2.45437 

H 

13.364 

12.9591 

1^6 

0.51849 

2.55254 

he 

13.772 

13.1554 

^M2 

0.55914 

2.65072 

H 

14 186 

13.3518 

H 

0 60132 

2.74889 

Ml 6 

14.607 

13.5481 

*M2 

0 64504 

2.84707 

M 

15 033 

13.7445 

^Me 

0.69029 

2.94524 

He 

15.466 

13.9408 

% 

0.73708 

3.04342 

H 

15.904 

14.1372 

1 

0.78540 

3.14159 

Me 

16.349 

14.3335 

He 

0.88664 

3.33794 


16.800 

14.5299 

H 

0.99402 

3.53429 

Hie 

17.257 

14.7262 

Me 

1 . 1075 

3.73064 

M 

17.721 

14.9226 

H 

1.2272 

3.92699 

me 

IS . 190 

15.1189 

Me 

1.3530 

4.12334 

Me, 

18.665 

15.3153 

h 

1.4849 

4.31969 

Hie 

19.147 

15.5116 

Me 

1.6230 

4.51604 

5 

19.635 

15.7080 

H 

1.7671 

4.71239 

He 

20.129 

15.9043 

Me 

1.9175 

4.90874 

H 

20.629 

16.1007 

H 

2.0^739 

5.10509 

Me 

21 . 135 

16.2970 

^He 

2.2365 

5.30144 


21.648 

16.4934 

■ H 

2.4053 

5.49779 

Me 

22.166 

16.6897 

me 

2.5802 

5.69414 

H 

22.691 

16,8861 

Hi. 

2.7612 

5.89049 

He 

23.221 

17.0824 

2.9483 

' 6.08684 

■ H 

23.758 

17.2788 

2 

3.1416 

6.28319 

Me 

24.301 

17.4751 

He 

3.3410 

6.47953 

H 

24.850 

17.6715 

H 

3.5466 

6.67588 

me 

25.406 

17.8678 

Me 

3.7583 

6.87223 


25.967 

18.0642 

H 

3.9761 

7.06858 

me 

26.535 

18.2^05 


4.2000 

4.4301 

7.26493 

7.46128 


27.109 

27.688 

18.4569 

18.6532 

Me 

4.6664 

7.65763 

6 

28.274 

18.8496 

H 

4.9087 

7.85398 

H 

29.465 

19.2423 
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Table XXVI — Continued 

AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 


30.680 

19.6350 

13% 

140.50 

42.0188 

% 

31.919 

20.0277 

% 

143.14 

42.4115 


33.183 

20.4204 

H 

145.80 

42.8042 

H 

34.472 

20.8131 

H 

148.49 

43.1969 

Vi 

35.785 

21.2058 

H 

151.20 

43.5896 

% 

37.122 

21.5984 

14 

153.94 

43.9823 

7 

38.485 

21.9911 

Vb 

156.70 

44.3750 


39.871 

22.3838 

H 

159.48 

44.7677 

a 

41.282 

•22 7765 

% 

162.30 

45.1604 

H 

42 718 

23.1692 


165.13 

45.5531 

Vi 

44.179 

23.5619 

Vb 

167.99 

45.9458 

% 

45.664 

23.9546 

H 

170.87 

46.3385 

K 

47.173 i 

24.3473 1 

Vb 

173.78 

46.7312 

H 

48.707 

24.7400 

15 

176.71 

47.1239 ' 

s 

60, '>'^5 

25 1327 

% 

179.67 

47.5166 

Vf. 

51.849 

25.6255 

H 

182.65 

47.9093 

u 

fa.45fl 

25 9181 

%. 

185.66 

48.3020 

H 

65.088 

26,3108 

¥2 

188.69 

48.6947 

H 

56.745 

2 -.7035 

% 

191.75 

49.0874 

H 

58.426 

27.0962 

% 

194.83 

49.4801 

H 

60.132 

27.4889 

Vb 

197.93 

49.8728 

Vb 

61.862 

27.8816 

16 

201.06 

50.2655 

9 

63.617 

28.2743 

1 Vs 

204.22 

50.6582 

Vb 

65.397 

28.6670 


207.39 

51.0509 

H 

67.201 

29.0597 

Vb 

210.60 

51.4436 

Vb 

69.029 

29.4524 


213.82 

51.8363 

Vi 

70.882 

29.8451 

Vb 

217.08 

52.2290 

H 

72.760 1 

30.2378 

H 

220.35 

52.6217 


74.662 

30.6305 

Vb 

223.65 

53.0144 

Vb 

76.589 

31.0232 

17 

226.98 

53.4071 

10 

78.540 

31.4159 

Vb 

230.33 

53.7998 

Vb 

80.516 

31.8086 

H 

233.71 

54.1925 

H 

! 82.516 

32.2013 

Vb 

237.10 

54.5852 

H 

84.541 

32.5940 

Vi 

240.53 

54.9779 

H 

86.590 

32.9867 

Vb 

243.98 

55.3706 

Vb 

88.664 

33.3794 

% 

247.45 

55.7633 

H 

90.763 

22.7721 

Vb 

250.95 

56.1560 

H 

92.886 

34.1648 

18 

254.47 

56.5487 

11 

95.033 

34.5575 

Vb 

258.02 

56.9414 


97.205 

34.9502 

H 

261.59 

57.3341 

H 

99.402 

35.3429 

Vb 

265.18 

57.7268 

H 

101.62 

35.7356 

% 

268.80 

58.1195 

H 

103.87 

36.1283 

Vb 

272.45 

58.5122 

‘A 

106.14 

36.5210 

H 

276.12 

58.9049 

H 

108.43 

36.9137 

Vb 

279.81 

59.2976 

h 

110.76 

37.3064 

19 

283.53 

59.6903 

12 

113.10 

37.6991 

% 

287.27 

60.0830 

H 

115.47 

38.0918 

. H 

291.04 

60.4757 

A 

117.86 

38.4845 

H 

294.83 

60.8684 

H 

120.28 

38.8772 

Vb 

298.65 

61.2611 

A 

122.72 

39.2699 

H 

302.49 

61.6538 

H 

125.19 

39.6626 

U 

306.35 

62.0465 


127.68 

40.0563 

H 

310.24 

62.4392 

H 

130.19 

40.4480 

20 

314.16 

62.8319 

13 

132.73 

! 40.8407 


318.10 

63.2246 

H 

136.30 

4.1.2334 

H 

322.06 

63.6173 

V* 

137.89 

41.6261 

■H 

326.05 

64.0100 
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Table XXVI — Continued 


AREAkS and circumferences of circles from 1 TO 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 

20H 

330.06 

64.4026 

27^ 

509.37 

86.7865 

H 

334.10 

64.7953 

Ya 

604.81 

87.1792 

H 

338.16 

65.1880 

Vs 

610.27 

87.5719 

Vs 

342.25 

65.5807 

28 

615.75 

87.9646 

21 

346.36 

65.9734 

Ys 

621.26 

88.3573 

Vs 

350.50 

66.3661 

Ya 

626.80 

88.7600 

H 

354.66 

66.7588 

Y 

632.36 

89.1427 

Vs 

358.84 

67.1515 

Ys 

637.94 

89.5354 

Vi 

363.05 

67.5442 

Ys 

643.55 

89.9281 

Vs 

367.28 

67.9369 

H 

649.18 

90.3208 

Ya. 

371.54 

68.3296 

Vs 

656.84 

90.7135 

Vs 

375.83 

68.7223 

29 

660.52 

91 . 1062 

22 

380.13 

69.1150 

Ys 

666.23 

91.4989 

Vs 

384.46 

69.5077 

Y 

671.96 

91.8916 

y * 

388.82 

69.9004 

Ys 

677.71 

92.2843 

Vs 

393.20 

70.2931 

Ys 

683.49 

92.6770 

H 

397.61 

70.6858 

Ys 

689.30 

93.0697 

Ys 

402.04 

71.0785 

H 

695.13 

93.4624 

Ya. 

406.49 

71.4712 

Vs 

700.98 

93.8551 

% 

410.97 

71.8639 

30 

706.86 

94.2478 

23 

415.48 

72.2566 


712.76 

94.6405 

Vs 

420.00 

72.6493 

Ya 

718.69 

95.0332 

Va. 

424.56 

73.0420 

% 

724.64 

95.4259 

Ys 

429.13 

73.4347 

Ys 

730.62 

95.8186 


433.74 

73.8274 

Ys 

736.62 

96.2113 

Ys 

438.36 

74.2201 

Ya 

742.64 

96.6040 

Ya. 

443.01 

74.6128 


748.69 

96.9967 

Vs 

447.69 

75.0055 

31 

754.77 

97.3894 

24 

452.39 

75.3982 

Ys 

760.87 

97.7821 

Vs 

457.11 

75.7909 

Ya 

766.99 

98.1748 

Ya. 

461.86 ! 

76.1836 

Ys 

773.14 

98.5675 

Ys 

466.64 

76.5765 


779.31 

98.9602 

Vs 

471.44 

76.9690 


785.51 

99.3529 

Ys 

476.26 

77.3617 

y * 

791.73 

99.7456 

Ya. 

481.11 

77.7544 

Vs 

797.98 

100.138 

Vs 

485.98 

78.1471 

32 

804.25 

100.531 

25 

490.87 

78.5398 

Ys 

810.54 

100.924 

Vs 

495,79 

78,9325 

Ya 

816.86 

101.316 

h 

1 500.74 

79,3252 

Y 

823.21 

101.709 

Ys 

505.71 

79.7179 

Ys 

829.58 ! 

102.102 

V 

510.71 

80.1105 

Ys 

835.97 

102,494 


515.72 

80.5033 

Ya 

842.39 

102.887 


520,77 

80.8960. 

Vs 

848.83 

103.280 

Vs 

525.84 

81.2887 

33 

855.30 

103.673 

26 

530.93 

81.6814 

Y 

861.79 

104.065 


536.05 

82.0741 

K 

868.31 

104.458 

Ya 

541 . 19 

82.4668 

H 

874.85 

104.851 


546.35 

82.8595 . 

Ys 

881.41 

105.243 


551.55 

83.2522 

H 

888.00 

105.636 

Ys 

556.76 

83.6449 ' 

H 

894.62 

106.029 

. H 

562.00 

84.0376 

Vs 

901.26 

106.421 

H 

567.27 

84.4303 

34 

907.92 

106.814 

■ 2? . 

572.56 

84.8230 

Y 

914.61 

107.207 

H ' 

577.87 

85.2157 

Y 

921.32 

107.600 

M 

583.21 

85.6084 

Y 

928.06 

107.992 

« 

588.57 

86.0011 

Y ' 

934.82 

108.^ 

' ys ■ : 

593.96 

86.3938 

Ys 

941.61 

108.788 / 
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Table XXVI — Continued 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia, 

Area 1 

Circum. 

Dia. 

Area 

Circum. 

mi 

948.42 

109.170 


1377.2 

131.554 

% 

955.25 

109.563 

42 

1385.4 

131.947 

35 

962.11 

109.956 

Vs 

1393.7 

132.340 


969.00 

110.348 

% 

1402.0 

132.732 

k 

975.91 

110.741 


1410.3 

133.125 

H 

982.84 

111.134 

y% 

1418.6 

133.518 

Vi 

989.80 

111.527 

% 

1427.0 

133.910 

% 

996.78 

in .019 

H 

1435.4 

134.303 

H 

1003.8 

112.312 

■ Vs 

1443.8 

134.696 

Vs 

1010.8 

112.705 

43 

1452.2 

135.088 

36 

1017.9 

113.097 

V 

1460.7 

135.481 


1025 0 

113.490 

Vi 

1469.1 

135.874 

Vi 

1032 . 1 

113.883 

% 

1477.6 i 

136.267 

% 

1039.2 

114 275 


1486.2 

136.659 

Vi 

104 C .3 

111. 668 

Vs 

1494.7 

137.052 

H 

1053.5 

1 J 5 061 

Vi 

1503.3 

137.445 

H 

1060.7 

11. S .454 

A 

1511.9 

137.837 

% 

1068 0 

115.846 

44 

1520.5 

138.230 

37 

1075.2 

.16.239 

Vs 

1529.2 

138.623 

H 

1082.5 

116.632 

Vi 

1537.9 

139.015 

H 

1089.8 

117.024 

Vs 

1546.6 

139.408 

H 

1097 . 1 

117.417 

Vs 

1555.3 

139.801 

Vi 

1104.5 

117.810 

Vs 

1564.0 

140.194 

v% 

1111.8 

118.202 

H 

1572.8 

140.586 

H 

1119.2 

118.596 

Vs 

1581.6 

140.979 

Vs 

1126.7 

118.988 

45 

1590.4 

141.372 

38 

1134.1 

119.381 

Vs 

1599.3 

141.764 

V 

1141.6 

119.773 

H 

1608.2 

142.157 

H 

1149.1 

120.166 

H 

1617.0 

142.550 

Vs 

1156.6 

120.550 

H 

1626.0 

142.942 

V 

1164.2 

120.951 

Vs 

1634.9 

143.335 

Vs 

1171.7 

121.344 

H 

1643.9 

143.728 

H 

1179.3 

121.737 

Vs 

1652.9 

144.121 

H 

1186.9 

122.129 

4.6 

1661.9 

144.513 

39 

1194.6 

122 . 522 

Vs 

1670.9 

144.906 

Vs 

1202.3 

122.915 

H 

1680.0 

145.299 

V 

1210.0 

123.308 

Vs 

1689.1 

145.691 

Vs 

1217.7 

123.700 

Vs 

1698.2 

146.084 

V2 

1225.4 

124.093 

Vs 

1707.4 

146.477 

Vs 

1233.2 

124.486 

Vi 

1716.5 

146.869 

H 

1241.0 

124.878 

Vs 

1725.7 

147.262 

% 

1248.8 

125.271 

47 

1734.9 

147.655 

40 

1256.6 

125.664 

Vs 

1744.2 

148.048 

H 

1264.5 

126.056 

Vi 

1753.5 

148.440 

a 

1272.4 

126.449 

Vs 

1762.7 

148.833 

' Vs 

1280.3 

126.842 

Vs 

1772.1 

149.226 

V ' 

1288.2 

127.235 

Vs 

1781.4 

149.618 

Vs 

1296.2 

127.627 

Vi 

1790.8 

150.011 

% 

1304.2 

128.020 

% 

1800.1 

150.404 

% 

1312-2 

128.413 

48 

1809.6 

160.796 

41 

1320.3 

128.806 

Vi 

1819.0 

161.189 

H 

1328.3 

129.198 

Vi 

1828.6 

151.682 

H 

. 13364 

129.591 

Vs 

1 1837.9 

151.975 

Vs 

1344.5 

129.993 

Vi 

1847.5 

152.367 

Vs 

1362.7 

130,376 


1857.0 

152.760 

Vs 

1360.8 

130.769 

k 

1866.5 

153.153 

Vi 

1369.0 

131. f 61 

Vs 

1876.1 

153.544 
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Table XXVI — Continued 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia, 

Area 

Circum. 

Dia. 

Area 

Circum. 

49 

1885.7 

153.938 

56}^ 

2474.0 

176.322 


1895.4 

154.331 

H 

2485.0 

176.715 

H 

1905.0 

154.723 

Yb 

2496.1 

177.107 

H 

1914.7 

155.116 

Yl 

2507 . 2 

177.500 


1924.2 

155.509 

Yb 

2518.3 

177.893 

ys 

1934.2 

155.904 

Y* 

2529.4 

178.285 

H 

1943.9 

156.294 

Yb 

2540.6 

178.678 

% 

1953.7 

156.687 

57 

2551.8 

179.071 

50 

1963.5 

157.080 

Yb 

2563 . 0 

179.463 

Vs 

1973.3 

157.472 


2574 . 2 

179.856 


1983.2 

157.865 

Yb 

2585.4 

180.249 

Vs 

1993.1 

158.258 

Yi 

2596.7 

180.642 

K 

2003.0 

158.650 

Yb 

2608.0 

181.034 

H 

2012.9 

159.043 

Ya. 

2619 4 

181.427 

H 

2022.8 

159.436 

Yb 

2630.7 

181.820 

% 

2032.8 

159.829 

68 

2642 . 1 

182.212 

61 

2042.8 

160.221 

Yb 

2653.5 

182.605 

Vi 

2052.8 

160.614 

Y 

2664.9 

182.998 


2062.9 

161.007 

Yb 

2676.4 

183.390 

Vb 

2073.0 

161.399 

Yb 

2687.8 

183.783 


2083.1 

161.792 

Yb 

2699.3 

184.176 


2093.2 

162.185 

Y 

2710.9 

184.569 


2103.3 

162.577 

Yb 

2722.4 

184.961 

Vb 

2113.5 

162.970 

59 

^734.0 1 

185.354 

62 

! 2123.7 

163.363 

Yb 

2745 . 6 ! 

185.747 

Yb 

2133.9 

163.756 

H 

2757.2 

186.139 


2144.2 

164.148 

Yb 

2768.8 

186.532 

\i 

2154.5 

164.541 

Yb 

2780.5 

186.925 

Y 

2164.8 

164.934 

Yb 

2792.2 

187.317 

Yb 

2175.1 

165.326 

H 

2803.9 

187.710 


2185.4 

165.719 

Yb 

2815.7 

188.103 

Yb 

2195.8 

166.112 

60 

2827.4 

188.496 

63 

2206.2 

166.504 

Yb' 

2839.2 

188.888 

Yb 

2216.6 

166.897 

H 

2851.0 

189.281 


2227.0 

167.290 

Yb 

2862.9 

189.674 

H 

2237.5 

167.683 

Vb 

2874.8 

190.066 

Y 

2248.0 

168.075 

Yb 

2886.6 

190.459 

Y 

2258.6 

168.468 

Ya 

2898.6 

190.852 

Y 

2269.1 

168.861 

Yb 

2910.5 

191.244 

H 

2279.6 

169.253 

61 

2922.5 

191.637 

54 

2209.2 

169.646 

Yb 

2934.5 

192.030 

Yb 

2300.8 

170.039 

Ya. 

2946.5 

192.423 


2311.6 

170.431 

Yb 

2958.5 

192.815 

Yi 

2322.1 

170.824 

Yb 

2970.6 

193 .208 

Y 

2332.8 

171,217 

Yb 

2982.7 

193.601 

Y 

2343.6 

171.609 

Ys 

2994.8 

lp3.993 

Y 

2354.3 

172.002 

Yb 

3006.9 

194.386 

Yb 

2365.0 

172.395 

\ 62 

3019.1 

194.779 

55 

2375.8 

172.788 

Yb 

3031.3 

195.171 ’ 

\i 

2386.6 

173.180 

Ya. 

3043.5 

195.564 

Y 

2397.6 

173.673 

Yb 

3055.7 

195.957 

% 

2408.3 

173.966 

H 

3068.0 

196.350 


2419.2 

174.358 

Y 

3080.3 

- 196.742 

Y 

2430.1 

174.761 

H 

3092.6 

197.135 ’ 

d 

2441.1 

175.144 

Yb 

3104.9 

197.528 

H 

2462.0 

176.686 

m 

3117,2 

197.920 

■■ ' , «S ■■ 

2463.0 

175.929 

' H 

3129.6 

198.313 


GRAPHICAL COMPUTATIONS 


m 


Table XXVI — Continued 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 

63M 

3142.0 

198.706 

roH 

3889.8 

221.090 

Vb 

3154.5 

199.098 

yi 

3903 6 

221.462 

Vz 

3166.9 

199.491 

Yb 

3917.5 

221.875 

H 

3179.4 

199.884 


3931.4 

222.268 

H 

3191.9 

200.277 

Vb 

3945.3 

222.660 

Vb 

3204.4 

200.669 

71 

3959 . 2 

223.053 

64 

3217.0 

201.062 

Vb 

3973.1 

223.446 

Vb 

3229.6 

201 .455 

¥4. 

3987 . 1 

223.838 

H 

3242.2 

201.847 

% 

4001.1 

224.231 

Vb 

3254.8 

202 . 240 

V 

4015.2 

224.624 


3267 . 5 

202.633 

Yb 

4029.2 

225.017 

H 

3280.1 

203.025 

H 

4043.3 

225 . 409 

H 

3292 . S 

203 418 

i Vs 

4057 . 4 

225.802 

Vb 

3305.6 

203.811 

72 

4071.5 

226.195 

05 

3313.3 

204.204 

Vb 

4085.7 

226.587 

Vi 

3331 1 

ztM . 596 

M 

4099.8 

226.930 

Vi 

3343 9 

204 , 989 


4114.0 

227.373 

Vb 

335« 7 

205.382 


4128.2 

227.765 

V 

3369.6 

.i05.774 


4142.5 

228.158 

% 

3382.4 

206.167 

H 

4156.8 

228.551 

Vi, 

3395 3 

206.560 

Vb 

4171.1 

228.944 


3408.2 

206.952 

73 

4185.4 

229.336 

66 

3421.2 

207.345 

Vs 

4199.7 

229.729 


3434.3 

207.738 

H 

4214.1 

230.122 

K 

3447.2 

208.131 

yS 

4228 . 5 

230.514 

% 

3460.2 

208.523 

V2 

4242.9 

230.907 

y2 

3473 . 2 

208 . 916 

Yb 

4257 4 

231.300 

H 

3486.3 

209.309 

Y 

4271.8 

231.692 

H 

3499.4 

209.701 

Vb 

4286.3 

232.085 

% 

3512.5 

210.094 

74 

4300.8 

232.478 

67 

3525.7 

210.487 

Vb 

4315.4 

232.871 

y% 

3538.8 

210.879 

H 

4329.9 

233.263 


3552.0 

211.272 

. 

4344.5 

233.656 

% 

3565.2 

211.665 


4359.2 

234.049 

y2 

3578.5 

212.058 


4373.8 

234.441 

Vs 

3591.7 

212.450 

% 

4388.5' 

234.334 

% 

3605.0 

212.843 

V 

4403.1 

. 235.227 

Vs 

3618.3 

213.236 

75 

4417.9 

235.619 

68 

3631.7 

213.628 

% 

4432.6 

236.012 

ys 

3645.0 

214.021 

J4 

4447.4 

236.405 

K 

3658.4 

214.414 

Vb 

4462 . 2 

236.798 

H 

3671.8 

214.806 

V2 

4477.0 

237.190 

y 

3685.3 

215.199 

Yb 

4491.8 

237.583 

H 

3698.7 

215.592 

H 

4506.7 < 

237.976 

H 

3712.2 

215.984 

Vb 

4521.5 

238.368 

H 

3725.7 

216.337 

76 

4536.5 

238,761 

69 

3739.3 

216.770 

Vb 

4551.4 

239.154 

H 

3752.8 

217.163 

V 

4566.4 

239.646 

y 

3766.4 

217.555 

Yb 

4581.3 

239.939 

H 

k 

378b. 0 

217.948 

V 

4596 . 3 

240.332 

3793.7 

218.341 


4611.4 

240.725 

V 

3807.3 

218.733 

H 

4626.4 

241.117 

% 

3821.0 

219.126 

Vs 

4641.5 

241.510 

3834.7 

219.519 

77 

4656.6 

241,903 

70 

3848.5 

219.911 

H 

4671.8 

242.295 

H 

3862.2 

220.304 


4686.9 

242.688 

U 

3876.0 

220.697 


1 4702.1 

243.081 


500 
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Table XXVI — Continued 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 


4717.3 

243.473 

845^ 

5624.5 

265.857 

H 

4732.5 

243.866 

V 

5641.2 

266.250 

Va 

4747.8 

244.259 

Vb 

5657.8 

266.643 

Vb 

4763 . 1 

' 244.652 

85 

5674.5 

267.035 

78 

4778.4 

245.044 

Vb 

5691.2 

267.428 


4793.7 

245.437 

V 

5707.9 

267.821 


4809.0 

245.830 

Vb 

5724.7 

268.213 

% 

4824.4 

246.222 

V 

5741.5 

268.606 


4839.8 

246.615 

■ Vb 

5758.3 

268.999 

% 

4855.2 

247.008 

V 

5775.1 

269.392 

Y* 

4870.7 

247.400 

Vb 

5791.9 

269.784 

% 

4886.2 

247.793 

86 

5808.8 

270.177 

79 

4901.7 

248 . 186 

Vb 

5825.7 

270.570 


4917.2 

248.579 

Va 

5842.6 

270.962 

H 

4932.7 

248.971 

% 

5859.6 

271.355 

Vb 

4948.3 

249.364 

y2 

5876.5 

271.748 

H 

4963.9 

249.757 

Vb 

5893.5 

272 . 140 

Vb 

4979.5 

250.149 

Va 

5910.6 

272.533 

Va 

4995.2 

250.542 

Vb 

5927.6 

272.926 

Vb 

5010.9 

250.935 

87 

5944.7 

273.319 

80 

5026.5 

251.327 

Vb 

5961.8 

273.711 

Vb 

5042.3 

251.720 

Va 

5978.9 

274.104 

■ H 

5058.0 

252.113 

Vb 

5996.0 

274.497 

Vb 

5073.8 

252.506 

V 

6013.2 

274.889 

H 

5089.6 

252.898 

Vb 

6030.4 

275.282 

H 

5105.4 

253.291 

Va 

6047.6 

275.675 

H 

5121.2 

253.684 

Vb 

6064.9 

276.067 

Vb 

5137.1 

254.076 

88 

6082.1 

276.460 

81 

5153.0 

254.469 

Vb 

6099.4 

276.853 

Vb 

5168.9 

254.862 

Va 

6116.7 

277.846 

Va 

5184.9 

255.254 

Vb 

6134.1 

277.638 


5200.8 

255.647 

Vi 

6151.4 

278.031 

U 

5216.8 

256.040 

Vb 

6168.8 

278.424 

Vb 

5232.8 

256.433 

Va 

6186.2 

278.816 

H 

i 5248.9 

256.825 

Vb 

6203.7 

279.209 

Vb 

5264.9 

257.218 

89 

6221 . 1 

279.602 

82 

[ 5281.0 

257.611 

Vb 

6238.6 

279.994 


5297 . 1 

258.003 

K 

6256.1 

280.387 


5313.3 

258.396 

Vb 

6273.7 

280.780 

Vi 

5329.4 

258.789 


6291.2 

281.173 

H 

5345.6 

259.181 

Vb 

6308.8 

281.565 

Vb 

5361.8 

259.574 

Va 

6326.4 

281.958 

H 

5378.1 

259.967 

Vb 

6344.1 

282.351 

% 

5394.3 

260.359 

90 ' 

6361.7 

282.743 

83 

5410.6 

260.752 

H 

6379.4 

283.136 

V 

5426.9 

261 . 145 

H 

6397.1 

283.529 

H 

5443.3 

261.538 

Vb 

6414.9 

283.921 

V 

5459.6 

261.930 

Vi 

6432.6 

284.314 


5476.0 

262.323 

1 , H 

6450.4 

284.707 

H 

5492.4 

262.716 

H 

6468.2 

285. 100 

¥■ 

5508.8 

263,103 

Vs 

6486.0 

285.492 

' 

5525.3 

263.501 

91 

6503.9 

285.885 

84 

5541.8 

263.894 

H 

6521.8 

286.278 

,, W ■ 

5558.3 

264.286 

H 

6539.7 

286.670 

' li" 

5574.8 

264.679 

H 

6557.6 

mr.om 

' ' fi ■ ' 

5591.4 

265.072 


6576.5 

287.45^ 


sm^ 

265,465 

Vb ’ 

6593.6 

287.848 


GRAPHICAIi COMPUTATIONS 


mi 


Table XXVI — Continued 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 1 TO 100 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 

9iH 

6611.5 

288.241 


7219.4 

301.200 

Vs 

6629.6 

288.634 

96 

7238.2 

301.593 

92 

6647.6 

289.027 

Vs 

7257.1 

301.986 

Vs 

6665.7 

289.419 

Vi 

7276.0 

302.378 


6683.8 

289.812 

H 

7294.9 

302.771 

H 

6701:9 

290.205 

Vi 

7313.8 

303.164 

V2 

6720.1 

290.597 

H 

7332.8 

303.556 

H 

6738.2 

290.990 


7351.8 

303.949 

H 

6756.4 

291.383 

Vb 

7370.8 

304.342 

% 

6774.7 

291.775 

97 

7389.8 

304.734 

93 

6792.9 

292 . 168 

H 

7408.9 

305.127 

yi 

6811.2 , 

292.561 


7428.0 

305.520 

H 

6829. 5 

292 . 954 

^8 

7447.1 

305.913 

% 

6847.8 

293.346 


7466.2 

306.305 

% 

6866 1 

293 , ?39 

ys 

7485.3 

306.698 

y% 

6884.5 

294 132 

H 

7504.5 

307.091 

% 

6902.9 

294.624 

yB 

7523.7 

307.483 

K 

6921,. 1 

294.917 

98 

7543.0 

307.876 

94 

6939.8 

! 295.310 

H 

7562.2 

308.269 

Vi 

6958.2 

295.702 

• y. 

7581.5 

308.661 

K 

6976.7 

296.095 

yB 

7600.8 

309.064 

% 

6995.3 

296.488“ 

y 

7620.1 

309.447 

Vi 

7013.8 

296.881 

ys 

7639.5 

309.840 

y% 

7032.4 

297.273 

y 

7658.9 

310.232 

y* 

7051.0 

297.666 

ys 

7678.3 

310.625 

y% 

7069.6 

298.059 

99 

7697.7 

311.018 

95 

7088.2 

298.451 

Vb 

7717.1 

311.410 

Vi 

7106.9 

298.844 

H 

7736.6 

311.803 

Vt 

7125.6 

299.237 

Vb 

7756.1 

312.196 

% 

7144.3 

299.629 

Vi 

7775.6 

312.588 

Vi 

7163.0 

300.022 

ys 

7795.2 

312.981 

% 

7181.8 

300.415 

H 

7814.8 

313.374 

% 

7200.6 

300.807 

ys 

7834.4 

313.767 


AREAS AND CIRCUMFERENCES OF CIRCLES FROM 100 TO 250 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 

100 

7853.98' 

314.16 

114 

10207.03 

358.14 

101 

8011.85 

317.30 

115 

10386.89 

361.28 

102 

8171.28 

320.44 

116 

10568.32 

364.42 

103 

8332.29 

323.58 

117 

10751.32 

367.57 

104 

8494.87 

326.73 

118 

10935.88 

370.71 

105 

8669.01 

329.87 

119 

11122.02 

373.85 

106 

8824.73 

333.01 




107 

8992.02 

336.15 

120 

11309.73 

376.99 

108 

9160.88 

339.29 

121 

11499.01 

380,13 

109 

,9331.32 

342.43 

122 

11689.87 

1 383.27 




123 

11882.29 

386.42 

110 

9503.32 

345.58 

124 

12076.28 

389.56 

111 

9676.89 

348.72 

125 

12271.85 

392.70 

m ; 

9862.03 

351.86 

126 

12468.98 

395.84 

113 

10028.75 

355.00 

127 

12667.69 

398.98 








602 
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Table XXVI — Continued 

AREAS AND CIRCUMFERENCES OF CIRCLES FROM 100 TO 260 


Dia. 

Area 

Circum. 

Dia. 

Area 

Circum. 

128 

12867.96 

402.12 

180 

25446.90 

565.49 

129 

13069.81 

405.27 

181 

25730.43 

568.63 




182 

26015.53 

571.77 

130 

13273.23 

408.41 

183 

26302.20 

574.91 

131 

13478.22 

411.55 

184 

26590.44 

578.05 

132 

13684.78 

414.69 

185 

26880.25 

581.19 

133 

13892.91 

417.83 

186 

27171.63 

584.34 

134 

14102.61 

420.97 

187 

27464.59 

587.48 

135 

14313.88 

424.12 

188 

27759.11 

590.62 

136 

14526.72 

"427.26 

189 

28055.21 

593.76 

137 

14741 . 14 

430.40 




138 

14957.12 

433.54 

190 

28352.87 

596.90 

139 

15174.68 

436.68 

191 

28652.11 

600.04 




192 

28952.92 

603.19 

140 

15393.80 

439.82 

193 

29255.30 

606.33 

141 

15614.50 

442.96 i 

194 

29559.25 

609.47 

142 

15836.77 

446.11 

195 

29864.77 

612.61 

143 

16060.61 

449.25 

196 

30171.86 

615.75 

144 

16286.02 

452.39 

197 

30480.52 

618.89 

145 

16513.00 

455.53 

198 

30790.75 

622.04 

146 

16741.55 

458.67 

199 

31102.55 

625.18 

147 

16971.67 

461.81 




148 

17203.36 

464.96 

200 

31415.93 

628.32 

149 

17436.62 

468.10 

201 

31730.87 

631.46 




202 

32047.39 

634.60 

150 

17671.46 

471.24 

203 

32365.47 

637.74 

151 

17907.86 

474.38 

204 

32685.13 

640.88 

152 

18145.84 

477.52 

205 

33006.36 

644.03 

153 

18385.39 

480.66 

206 

33329.16 

647.17 

154 

18626.50 

483.81 

207 

33653.53 

650.31 

155 

18869 . 19 

486.95 

208 

33979.47 

653.45 

156 

19113.45 

490.09 

209 

34306.98 

656.59 

157 

19359.28 

493.23 




168 

19606.68 

496.37 

I 210 

34636.06 

659.73 

159 

19855.65 

499.51 

211 

34966.71 

662.88 




212 

35298.94 

666.02 

160 

20106.19 

502.65 

213 

35632.73 

669.16 

161 

* 20358.31 

505.80 

I 214 

35968.09 

672.30 

162 

20611.99 

508.94 

1 215 

36305.03 

675.44 

163 

20867.24 

512.08 

216 

36643.54 

678.58 

164 

21124.07 

515.22 

1 217 

36983.61 

681.73 

165 

21382.46 

518,36 

218 

373:^5.26 

684.87 

166 

21642.43 

521.50 

219 

37668.48 

688.01 

167 

21903.97 

524.65 




168 

22167.08 

527.79 

220 

38013.27 

691.15 

169 

22431.76 

530.93 

221 

38359.63 

694.29 




222 

38707.56 

697.43 

170 

22698.01 

534.07 

223 

39057.07 

700.58 

171 

22965.83 

537.21 

224 

39408. 14 

703.72 

172 

23235.22 

540.35 

225 

39760.78 

706.86 

173 

23506.18 

543.50 

228 

40115.00 

710.00 

174 

23778.71 

546.64 

227 

40470.78 

713.14 

m 

24052.82 

549,78 

228 

40828.14 

716.28 

176 

24328.49 

552.92 

: 229 

41187.07 

719.42 

177 

24605.74 

556.06 




m 

24884.56 

569,20 

230 

41547.56 

722.57 

179 

25164.94 

662.36 

231 

41909.63 

725.71 
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Table XXVI — Continued 

AREAS AND CIRCUMFERENCES OF CIRCLF^ FROM 100 TO 250 


42273.27 

42638.48 

43005.26 

43373.61 

43743.54 

441X6.03 

44488.09 

44862.73 

45238.93 


Circum. 

728.85 

731.99 

735.13 

738.27 

741.42 

744.56 

747.70 

750.84 


Dia. 

Area 

241 

45616.71 

242 

45996.06 

243 

46376.98 

244 

46759.47 

245 

47143.52 

246 

47529.16 

247 

47916.36 

248 

48305.13 

249 

48695.47 
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APPENDIX I 



'•fl 

0 0963 

I 

.301 

315 

3195 

6949 

260 

4106 

ll 

1 

hi 

ll 


51 

010*000 0 

1 

000,008 

000.005,5 

000,017 


1 

1 

12-1400 

16-1800 



1 

650 

750 

630-650 

650 

1100 

6-800 

below 

room 

temp 

Bulk 

Modultn 

Volume 


a 

1 

Q 

1 

n 

o 

1 

oc 

oc 

17,400,000 

23.200.000 

13.900.000 

1,100,000 

Modulus 

oi 

Strain 

Hard^ 

Ing 

(Tenta- 

tive) 

a 

£ 

25.000 

29.000 

38.000 

1 

250,000 

81,000 


Blasticlty 
Young 8 
Modulus 

Ib/sqln 

1 1 1 1 

o o o o 

€>. 

14,500.000 
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20,000,000 
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i k ^ og 
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46 

68 


JTenaile 
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annealed 


a 

1 

A 

13.000 

16.000 

29,000 

O 18,000 
HT 42,000 

s 

'll 

23.000 

45.000 

Shearing Stress and 

Per Cent Penetration 
to Fracture 

Ctdd-worked 

to temper 
noted 

{;t 


O 



f 

5 

H 13,000 

H 16,000 

H 36,000 




If 

1! 

6? 

2 

s 

into 

(NO 

g 

3 

3 

8,000 

11,000 

14,000 



1 § 

lO CO 

(papsaanu 

mtiozixeai) 

«e ju UI uopanpoH 


80 

80 

80 

57 

lO 

r- 

rjo 

OtO 

* 
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Ftdnts 


?ll 

rs 

d 

1 

a 

H 21,000 

H 25.000 
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1 
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§1 

uao 

i 

Vi Vfc 



ill ^ “i 


M ^ n 
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.278 

.063 

318 

.3175 

.3791 

1 ^ 

U3 

00 

ea 

I s 

e>4 M 
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PROPERTIES OF THERMOSETTING MIXTURES 


GRAPHICAL COMPUTATIONS 507 


Weight 

Ib./cu. 

in. 

0.046 

.0481 

.055 

.061 

.075 

.049 

.053 

.025 

.050 

r* o 

S3 33 

Thermal 

Coeff. 

of 

Expan- 

sion 

.S 

0.000,013 

.000,03 

.000,020 

.000,041 

.000,014 

.000,02 

.000,01 

.000,03 

.000,1 

.000,03 

10*000* 

600*000* 

810*000* 

600*000* 

i 

Injec- 

tion 

Molding 

Temp. 

approx. 

deg. F. 


275 

375 

275 

350 

275 

350 


Forming, 

C’pression 

Molding 

Temp. 

i i 

deg. F. 

300 

340 

280 

360 

270 

350 

270 

350 

275 

350 

275 

350 

275 

350 

Lowest 

Recrys- 

tail’n 

Temp. 

approx. 

deg. F. 





Modu- 

lus 

of 

Elas- 

ticity 

d 

III §1 §1 
if §1 §1 

,4 1 »4 -4 

1 

700,000 

1,200,000 

400.000 
3,000,000 

350.000 
1,500,000 

Pow'der 

to 

Solid 

1 Com- 
|pr»aion 

.2 

£ 

<o 

2 2-3. 

2.-8. 

1 

2.5-15. 

2 -5. 

1.5- 3 

1.5- 3. 

Elonga- 
tion 
in 2" 

per 

cent 

- 

to to 

h- 

1.5 

1-2 

Tensile 

Strength 

p.s.i. 


6,000 
11,000 i 

4.000 

8.000 

5,500 i 
8,000 1 

7,000 

12,000 

7.000 
18,000 

8.000 
12,000 

Com- 

pressive 

jStrength 

d 

d 

10,000 

30,000 

16,000 

36.000 

18.000 
36,000 

20,000 

32.000 

10.000 
35,000 

20,000 

40.000 

30.000 

44.000 

Injec- 

tion 

Molding 

Pressure 

d 


2,000 ! 
10,000 

2,000 

15,000 

10,000 

20,000 


Com- 

pression 

Molding 

Premure 

! 

p.s.i. 

§1 
<N id 

2,000 

4,600 

2,000 

6,000 

2,000 

8,000 

300 

3,000 

1,000 

3.000 

1.000 j 

3.000 

■gi’ 

is 

CO OQ 

p.s.i. 

10,000 



12,500 

15,000 

Knife 

Edge 

Cut- 

ting 

Load 

Ib./lin. 

in. 





Hot 

Shear- 

ing 

Temp. 

1 

200 

250 

200 

250 

200 

250 

200 

250 

200 

250 

200 

250 

200 

250 

Yield 

Point 

at 

77®F. 

approx. 

d 

d 




II l§ 

« woo 


' 4 

1 

S 

•§ 'Oft 

s-s |i 

£ ' £ 

III h 

i 1 ilio’5 

is 

|i Ps 
■ill 

2 1 i*'® 2 i *§1 
JfelJ 
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APPENDIX I 


Table XXIX 
TIN-PLATE DATA 


Trade Term 


80.1b. 

85-lb. 

90-Jb. 

95-lb. 

lOO-lb. 

Nearest U. S. Gauge . . 


33 

32 

31 

31 

30!^ 

Decimal Equivalent. . . 


.008 

.009 

.010 

.010 

.012 

Weight, Sq. Ft., Lbs. . . 


.367 

.390 

.413 

.436 

.459 

Size of 

Sheets 


Net Weight per Box, Pounds 


Sheets 

per Box 






10 

X 14 Base 

225 

80 

85 


95 


14 

X 20 Base 

112 


85 

90 

95 ' 


20 

x28 

112 

160 

170 

180 



, 10 

x20 

225 

114 

121 

129 

136 

143 

11 

x22 

225 

138 

147 

156 

164 

172 

nl4 X 23 

225 

151 

161 

170 

179 

189 

12 

X 12 

225 

82 

87 

93 

98 


12 

x24 

112 

82 

87 

93 

98 


13 

X 13 

225 

97 

103 

109 

115 

121 

13 

x26 

112 

97 

103 

109 

115 

121 

14 

X 14 

225 

112 

119 

126 

133 

146 

14 

x28 

112 

112 

119 

126 

133 

140 

15 

xl5 

225 

129 

137 

145 

153 

161 

16 

xl6 

225 

146 

155 

165 

174 

183 

17 

X 17 

225 

165 

175 

186 

196 

206 

18 

xl8 

112 

93 

98 

104 

110 

116 

19 

X 19 

112 


110 

116 

122 

129 

20 

x20 

112 

114 

121 

129 

136 

143 

21 

x21 

112 

126 

134 

142 

150 

158 

22 

x22 

112 

138 

147 

156 

164 

172 

23 

x23 

112 

151 

161 

170 

179 

189 

24 

x24 

112 

164 

1 175 

185 

195 

204 

26 

x26 

112 

193 

205 

217 

229 

241 

16 

X20 

112 

91 

97 

103 

109 

114 

14 

x31 

112 

124 

132 

140 

147 

155 

UH 

x22?i 

112 

73 

78 

82 

, 87 

91 

izH 

xl7H 

112 

67 

71 

76 

80 

84 

im 


112 

73 

77 

I 82 

87 

91 

ibU 


112 

75 

80 

85 

89 

94 * - 

im 

xWH 

112 

76 

81 

86 

90 

95 

u 

X l$»A 

124 

83 

88 

93 

98 

103 

H 

X19A 


83 

88 

93 

98 

103 

',.“14 ■ 

z 21 

112 . 

84 

89 

95 


106 

:14' 

x22 

112 

88 

94 

99 


110 

'' 14 

xZStH • 

112 

89 

m 

100 

106 

111 

; 16Jix23 

112 

102 . 

108 

115 

121 

. 1217; V 
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Table XXIX— Confinttcd 
TIN-PLATE DATA 


Trade Term 

Nearest U. S. Gauge 

Decimal Equivalent 

Weight, Sq. Ft., Lbs 

IC 

30 

.012 

.491 

IXL 

28 

.014 

.588 

IX 

28 

.014 

.619 

IXX 

.016 

.712 

IXXX 

25 

.018 

.803 

IXXXX 

25 

.020 

.895 

Size of 

Sheets 


Net Weight per Box, Pounds 


Sheets 

ix^r Box 







10 

X 14 Baa© 

225 

107 

128 

135 

155 

175 

195 

14 

X 20 base 

112 

107 

128 

135 

155 

175 

195 

20 

x28 

112 

214 

256 

270 

310 

250 

390 

' ' 10 

x20 

225 

153 

183 

193 

221 

250 

279 

11 

'^22 

225 

184 

222 

234 

268 

302 

337 

nHx23 

, 225 

202 

242 

255 

293 

331 

368 

12 

X 12 

225 

110 

132 

139 

159 

180 

201 

12 

x2f 

112 

110 

132 

139 

159 

180 

201 

13 

xl3 

, 225 

129 

154 

163 

187 

211 

235 

13 

x26 

112 

129 

154 

163 

187 

211 

235 

14 

X 14 

225 

150 

179 

189 

217 

245 

273 

14 

x28 

112 

150 

179 

189 

217 

245 

273 

15 

X 15 

225 

172 

206 

217 

249 

281 

313 

16 

X 16 

225 

196 

234 

247 

283 

320 

357 

17 

xl7 

225 

221 

264 

279 

320 

.361 

403 

18 

xl8 

112 

124 

148 

156 

179 

202 

226 

19 

X 19 

112 

138 

165 

174 

200 

226 

251 

20 

x20 

112 

153 

183 

193 

221 

250 

279 

21 

x21 

112 

169 

202 

213 

244 

276 

307 

22 

x22 

112 

184 

221 

234 

268 

302 

337 

23 

x23 

112 

202 

242 

255 

293 

331 

368 

24 

X 24 

112 

220 

263 

278 

319 

360 

401 

26 

x26 

112 

258 

309 

326 

374 

422 

471 

16 

x20 

112 

122 

146 

154 

177 

200 

! 223 

14 

x31 

112 

166 

198 

209 

240 

271 

302 

UM 

x22Ji 

112 

98 


, , , 




13ji 

xl7H 

112 

90 






13 

X 19J4 

112 

97 






13^ 

X 1914 

112 

100 






13^1 

X 19^ 

112 

102 






14 

tlBU 

124 

110 


. . . 




14 

xim 

120 

I 110 






''■/14 . 

X21 

. 112 

112 





I » . . 

' 14 

x22 

112 

118 

. r . 





' . ' l4 : ; 


112 

119 

..... 

• • t 





112 

136 


f • '• 
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Table XXX* — Part 1 

APPROXIMATE CAPACITIES OP STRAIGHT-SIDE 
SINGLE-CRANK PRESSES 


Stroke of l^resfl 

3 

4 

5 

6 

.8 

10 

12 

14 

I 16 

18 

20 

22 

Shaft 

Diam- 

eter 

Type of 
Drive 

At 

Bot- 

tom 

Approximate Capacity in Tons 
at Midstroke 

1 

Single 

3 




i 









1 V 2 

Single 

0.75 

3 

■iH\ 

i 










2 

Single 

12 

7H 


4}4 










2H 

Single 

19 

14 

11 

&y2\ 










3 

Single 

32 

20 

15 

12 

9 

8 








3H 

Single 

44 

sm 

23H 

19 

18 

14 

ny 







4 

Single 1 

58 1 

44 

36 

30 j 

24 

18 

13 

9 






4H 

Single 

74 

60 

50 

40 ; 

35 

26 

19 

12 






5 

Single 

93 

73 

64 

56 i 

47 

35 

28 

22 

18 

14 




6 

Single , 

135 1 


108 

94 

80 

60 

48 

39 

35 

32 

30 

27 


7 

Single 

190 



135 1 

122 

98 

78 

69 

62 

46 

36 

31 


8 

Single 

255 



i 

174 

147 

117 1 

98 

'82 1 

70 

56 

45 

37 

8 

Twin 

255 





225 

196 

162 

142 

121 

110 

95 

85 

9 

Single 

345 



265 

245 

205 

163 1 

135 

125 ! 

115 

91 

76 

63 

9 

Twin 

$45 






274 

227 

193 

169 

152 

135 

120 

10 

Single 

440 




340 

282 

227 

186 

150 

123 

117 

111 

106 

10 

Twin 

440 






354 

310 

267 

2.33 

206 

185 

166 

11 

Single 

545 




450 

376 

300 

252 

210 

180 

170 

159 

|145 

11 

Twin 

545 






450 

410 

362 

332 

278 

250 

226 

12 

Single 

665 





485 

390 

320 

280 

240 

210 

190 

170 

12 

Twin 

665 






550 

510 

460 

405 

360 

325 

285 

13 

Single 

790 





595 

500 

415 

350 

300 

250 

220 

196 

13 

Twin 

790 







605 

570 

515 

461 

427 

376 

14 

Single 

920 





707 

615 

510 

460 

380 

310 

280 

260 

14 

Twin 

920 







737 

j700 

630 

565 

510 

465 


Kots: Th« B^aove toxinajs^ of prea»urB raltn«g8 are entirely independent of work or energy rat- 
ings. A iong stroke pressf if loaded to magiiniiin pressure oapaeity through its maximum working 
strok^ will undhobtedly require additional flywhe^ and motor capacity. 

* Eeprintedt by penmssion, from Kent V* Mechanical Engineers’ Handbook.” See note« 42|i 
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Table XXX— Part 2 

APPROXIMATE CAPACITIES OF 
‘STRAIGHT-SIDE DOUBLE-CRANK PRESSES 


Stroke of Press 

3 

4 

6 

6 

8 

10 

*12 

14 

16 

18 

20 

22 

Shaft 

Type of 
Drive 

At 




Approximate Capacity in Tons 




Diam- 

Bot- 






at Midstroke 





eter 

tom 














Single 

19 

10 

12 











3 

Single 

32 

20 

15 

13 

10 

6 









Single 

44 

31 

23 

19 

10 

9 








\ 4 ^ ^ 

Single 

58 

41 

33 i 

29 

22 

19 

12 








Single 

74 

59 

51 

40 

34 

25 

19 







6 

Single 

03 

73 

04 i 

60 

47 

30 

28 

21 






t? 

Single 

135 

1 

101 j 

9i i 

82 

60 

48 

39 






7 

Singh 

200 



135 1 

122 

102 

76 

66 

54 





8 

Single 

290 




180 

145 

117 

99 

72 

68 




8 

Twiu 





260 

230 

106 

160 

140 

120 

108 

96 


9 

Single 

- 400 




250 

205 

165 

137 

110 

08 

90 

85 


9 

Twin 

400 




333 

310 

273 

227 

195 

170 

150 

133 


10 

Single 

52b 




340 

285 

227 

187 

155 

144 

128 

112 


10 

Twin 

525 






375 

315 

265 

233 

205 

185 

170 

11 

Single 

700 




450 

375 

305 

205 

200 

190 

175 

152 

135 

11 

Twin 

700 






470 

420 

365 

315 

275 

250 

225 

12 

Single 

900 




580 

485 i 

390 

325 

270 

240 

223 

192 

185 

12 

Twin 

900 






610 

540 

470 

410 

360 

320 

290 

13 

Single 

1150 




740 

621 

498 

415 

355 

315 

285 

250 

235 

13 

Twin 

1150 






800 

700 

630 

520 

470 

430 

385 

14 

Single 

*1400 




900 

770 

610 

510 

425 

l380 

350 

31Q 

275 

14 

Twin 

1400 






958 

850 

730 

640 

665 

510 

456 


Note: The, above or tonnage pressure ratings are entirely independent of work or energy ratings. 
A long stroke j^ess, if loaded to maximum pressure capacity through ite maximum working stroke, 
will undoubtedly require additional flywheel and motor capacity. 
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Table XXXI 


SQUARES, CUBES, SQUARE ROOTS AND CUBE ROOTS 
1 to 200 


No, 

Squares 

Cubes 

Square 

Roots 

Cul^e 

Roots 

1 

1 

1 

1 

0000 

1 0000 

2 

4 

8 

1 

4142 

1 2599 

3 

9 

27 

1 

7321 

1 4422 

4 

16 

64 

2 

0000 

1 5874 

5 

25 

125 

2 

2361 

1 7100 

6 

36 

216 

2 

4494 

1 8171 

7 

49 

343 

2 

6457 

1 9129 

8 

64 

512 

2 

8284 

2 0000 

9 

81 

729 

3 

0000 

2 0800 

10 

100 

1000 

3 

1622 

2 1544 

11 

121 

1331 

3 

3166 

2 2239 

12 

144 

1728 

3 

4641 

2 2894 

13 

169 

2197 

3 

6055 

2 3513 

14 

196 

2744 

3 

7416 

2 4101 

15 

225 

3375 

3 

8729 

2 4662 

16 1 

256 

4096 

4 

0000 

2 5198 

17 

289 

4913 

4 

1231 

2 5712 

18 

324 

5832 

4 

2426 

2 6207 

19 

361 

6859 

4 

3588 

2 6684 

20 

400 

8000 

4 

4721 

2 7144 

21 

441 

9261 

4 

5825 

2 7589 

22 

484 

10648 

4 

6904 

2 8020 

23 

529 

12167 

4 

7958 

2 8434 

24 

576 

13824 

4 

8989 

2 8844 

25 

625 

15625 

5 

0000 

2 9240 

•26 

676 

17576 

5 

0990 

2 9624 

27 

729 i 

19683 

5 

1961 

3 0000 

28 

784 ! 

21952 

5 

2915 

3 0365 

29 

841 1 

24389 

5 

3851 

3 0723 

30 

900 

27000 

5 

4772 

3 1072 

31 

961 

29791 

5 

5677 

3 1413 

32 

1024 

32768 

5 

6568 

3 1748 

33 

1089 

35937 

5 

7445 

3 2076 

34 

1156 

39304 

5 

8309 

3 2396 

35 

1225 1 

42875 

5 

9160 

3 2710 

36 

1296 

46656 

6 

0000 

3 3019 

37 

1369 

50653 

6 

0827 

3 3322 

38 

1444 

54872 

6 

1644 

8 3619 

’ 39 

1521 

59319 

6 

2144 

3 3912 

40 

1600 

64000 

6 

3245 

3 4199 

41 

1681 

68921 

6 

4031 

3 4482 

42 

1764 

74088 

6 

4807 

3 4760 

43 

1849 

79507 

6 

5574 

3 5033 

44 

1936 

85184 

6 

6332 

8 5303 

.45 

2025 

91125 

6 

7082 

' 3 5563 

46 

2116 

97336 

6 

7823 

3 5830 

47 

2209 

108823 

6 

8556 

3 6083 

48 

2304 

110592 ' 

6. 

.9282 

3.6343 

49 

2401 

117649 

[ 7 0000 


m 



! 7 0710 ^ ^ 

n mm 
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Table XXXI — Continued 

SQUARES, CUBES, SQUARI] ROOTS AND CUBE ROOTS 

1 to 200 


No. 

Squares 

Culjes 

Square 

Roots 

Cube • 
Roots 

51 

2601 

132651 

7 1414 

3 7084 

52 

2704 

140608 

7 2111 

3 7325 

53 

2809 

148877 

7 2801 

3 7562 

54 

2916 

157464 

7 3485 

3 7798 

55 

3025 

166375 

7 4162 

3 8030 

56 

3136 

175616 

7 4833 

3 8259 

57 

3240 

185193 

7 5498 

3 8485 

58 

3364 

195112 

7 6158 

3 8709 

59 

3481 

205379 

7 0811 

3 8930 

GO 

3600 

216000 

7 7460 

3 9149 

61 

3721 

220981 

7 8102 

3 9365 

62 

3844 

238328 

7 8740 

3 9579 

63 

3969 

250047 

7 9373 

3 9791 

64 

4096 

202144 

8 0000 

4 0000 

65 

4225 

274625 

8 0023 

4 0207 

66 

4356 

287496 

8 1240 

4 0412 

67 

4489 

300763 

8 1854 

4 0615 

68 

i(;24 

314432 

8 2402 

4.0817 

69 

47()1 

328509 

8 306(> 

4 1016 

70 

4900 

343000 

8 3006 

4 1213 

71 

5041 

357911 

8 4201 

4 1408 

72 

5184 

373248 

8 4853 

4 1602 

73 

5329 

389017 

8 5440 

4 1793 

74 

547 6 

405224 

8 6023 

4 1983 

75 

5625 

421875 

8 0603 

4 2172 

76 

5776 

438970 

8 7178 

4 2358 

77 

5929 

456533 

8 7750 . 

4 2543 

78 

0084 

474552 

8 8318 

4 2727 

79 

6241 

493039 

8 8882 

4 2908 

80 

6400 

512000 

8 9443 

4 3089 

81 

6561 

531441 

9 0000 

4 3267 

82 

0724 

551368 

9 0554 

4 3445 

83 

0889 

571787 

9 1104 

4 3621 

84 

7050 

592704 

9 1652 

4 3795 

85 

7225 

614125 

9 2195 

4 3968 

86 

7396 

036056 

9 2736 

4 4140 

87 

7569 

658503 

9 3276 

4 4310 

88 

7744 

681472 

9 3808 

4 4480 

89 

7921 

704969 

9 4340 

4 4647 

90 

8100 

729000 

9 4868 

4 4814 

91 

8281 

753571 

9 5394 

4 4979 

92 

8464 

778688 

9 5917 

4 5144 

93 

8649 

804357 

9 6437 

4 5307 

94 

8836 

830584 

9 6954 

4 5468 

95 

9025 

857375 

9.7468 

4 5629 

96 

9216 

884736 

9.7980 

4 5789 

97 

9409 

912673 

9 8489 

4 5947 

98 

9604 

941192 

9 8995 

4 6104 

99 

9801 

970299 

9 9499 

4 6261 

100 

10000 

1000000 

10 0000 

4 6416 
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Table XXXI — Continued 

SQUARES, CUBES, SQUARE ROOTS AND CUBE ROOTS 

1 to 200 


No. 

Squares 

Cubes 

Square 

Roots 

Cube 

Roots 

101 

10201 

1030301 

10.0499 

4 . 6570 

102 

10404 

1061208 

10 0995 

4.6723 

103 

10609 

1092727 

10.1489 

4.6875 

104 

10816 

1124864 

10.1980 

4.7027 

105 

11025 

1157625 

10.2470 

4.7177 

106 

11236 

1191016 

10.2956 

4.7326 

107, 

11449 

1225043 

10.3441 

4 . 7475 

108 

11664 

1259712 

10.3923 

4.7622 

109 

11881 

1295029 

10.4403 

4 . 7769 

110 

12100 

1331000 

10.4881 

4.7914 

111 

12321 

1367631 

10.5357 

4.8059 

112 

12544 

1404928 

10 5830 

4.8203 

113 

12769 

1442897 i 

10.6301 

4.8346 

114 

12996 

1481544 

10.6771 

4 8488 

115 

13225 

1520875 

10.7238 

4.8629 

116 

13456 

1560896 

10.7703 

4.8770 

117 

13689 

1601613 

10.8167 

4.8910 

118 

13924 

1643032 

10.8628 

4 . 9049 

119 

14161 

1685159 

10.9087 

4.9187 

120 

14400 

1728000 

10.9545 

4.9324 

121 

14641 

1771501 

11.0000 

4.9461 

122 

14884 

1815848 

11.0454 

4 . 9597 

123 

15129 

1800867 

11.0905 

4.9732 

124 

15376 

1906624 

11.1355 

4 . 9866 

125 

15626 

1953125 

11.1803 

5.0000 

126 

15876 

2000376 

11.2250 

5.0133 

127 

16129 

2048383 

11.2694 

5.0265 

128 

16384 

2097152 

11.3137 

5.0397 

129 

16641 

2146689 

11.3578 

5.0528 

130 

16900 

2197000 

11.4018 

5.0658 

131 

17161 

2248091 

11.4455 

5.0788 

132 

17424 

2299968 

11.4891 

5.0916 

133 

17689 

2352637 

11.5326 

5 . 1045 

134 

17956 

2406104 

11.5758 

5.1172 

135 

18225 

2460375 

11.6190 

5 . 1299 

136 

18496 

2515456 

11.6619 

5 . 1426 

137 

18769 

2571353 

11.7047 

5.1551 

138 

19044 

2628072 

11.7473 

5.1676 

139 

19321 

2685619 

11.7898 

5.1801 

140 

19600 

2744000 

11.8322 

5.1925 

141 

19881 

2803221 

11.8743 

5.2048 

142 

20164 

2863288 

11.9164 

5.2171 

143 

• 20449 

2924207 

11.9583 

5.2293 

144 

20736 

2985984 

12.0000 

5.2415 

145 

21025 

3048625 

12.0416 

5.2536 

146 

21316 

3112136 

12.0830 

5.2656 

147 

21609 

3176523 

12 . 1244 

5.2776 

148 

21904 

3241792 

12.1655 

5.2896 

149 

22201 

3307949 

12.2006 

5.3015 

150 

22500 

3375000 

12 . 2474 

5.3133 
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Table XXXI — Continued 

SQUARES, CUBES, SQUARE ROOTS AND CUBE ROOTS 

1 to 200 


No. 

Squares 

Cubes 

Square 

Roots 

Cube 

Roots 

151 

22801 

3442951 

12.2882 

5.3251 

152 

23104 

3511808 

12.3288 

5.3368 

153 

23409 

3581577 

12 3693 

5 3485 

154 

23716 

3652264 

12.4097 

5 3601 

155 

24025 

3723875 

12.4499 

5 3717 

156 

24336 

3796416 

12.4900 

5.3832 

157 

24649 

3869893 

12.5300 

5 3947 

158 

24964 

3944312 

12.5698 

5.4061 

159 

25281 

4019679 

12.6095 

5.4175 

160 

25600 

4096000 

12.6491 

5.4288 

161 

25921 

4173281 

12 . 6886 

5.4401 

362 

26244 

4251528 

12.7279 

5.4514 

163 

26569 

4330747 

12.7671 

5.4626 

164 

26896 

4410944 

12.8002 

5.4737 

165 

27225 

4492125 

12 8452 

5,4848 

166 

27556 

4574296 

12.8841 

5.4959 

167 

27889 

4657463 

12.9228 

5.5069 

168 

28224 

4741632 

12.9615 

5 5178 

169 

28561 

4826809 

13.0000 

5.5288 

170 

28900 

4913000 

13.0384 

5 . 5397 

171 

29241 

500021 1 

13.0767 

5.5505 

172 

29584 

5088448 

13.1149 

5.5613 

173 

29929 

5177717 

13.1529 

5 5721 

174 

30276 

5268024 

13.1909 

5.5828 

175 

30625 

5359375 

13 2288 

5.5934 

176 

30976 

5451776 

13.2665 

5.6041 

177 

31329 

5545233 

13.3041 

5.6147 

178 

31684 

5639752 

13.3417 

! 5 . 6252 

179 

32041 

5735339 

13.3791 

5.6357 

180 

32400 

5832000 

13.4164 

5.6462 

181 

32761 

5929741 

13.4536 

5 . 6567 

182 

33124 

6028568 

13.4907 

5.6671 

183 

33489 

6128487 

13.5277 

5.6774 

184 

33856 

6229504 

13.5647 

5 . 6877 

185 

34225 

6331625 

13.6015 

5.6980 

186 

34596 

6434856 

13.6382 

5.7083 

187 

34969 

6539203 

13.6748 

5.7185 

188 

35344 

6644672 

13.7113 

5.7287 

189 

35721 

6751269 

13.7477 

5.7388 

190 

36100 

6859000 

13.7840 

5.7489 

191 

36481 

6967861 

13.8203 

5.7590 

192 

36864 

7077888 

13.8564 

5.7690 

193 

37249 

7189057 

13.8924 

5.7790 

194 

37636 

7301384 

13.9284 

5.7890 

195 

38025 

7414875 

13.9642 

5.7989 

196 

38413 

7529536 

14.0000 

5.8088 

197 

38809 

7645373 

14.0357 

5.8186 

198 

39204 

7762392 

14.0712 

5.8285 

199 

39601 

7880599 

14.1067 

5.8383 

200 

40000 

8000000 

14.1421 

5.8480 
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Minimum 

Bending 

Inches for 
Std. Pipe 

10 

12 

14 

16 

20 

24 

28 

32 

36 

40 

48 

68 

Threads 

Per 

Inch 

r«oOQO'«*trP.-tT-4-H^oooooooooooooooooooooooo 

Engaged 
Length 
Req. for 
Tight 
Joint 


Parr. 

Thd’s 

Root 

Dia. 

0.345 

0.445 

0.583 

0.721 

0.932 

1.169 

1.514 

1.753 

2.227 

2 662 
3.288 
3.789 
4.287 
5.349 

6.406 

7.402 

8 400 
9.398 
10.521 
12.518 
14 800 

Tap Drill 

Parr. 

Thd’s 

Dia. 

Drill 

^ ^ ^ ^ 

Taper Thd’s 

Depth 

of 

Drill 

x® \'i' v Jf 

Dia. 

Drill 

^ ^ ^ -S? 

^ t- •» c. .o 

Seam- 

less 

Tube 

6000 

6000 

6000 

6000 

6000 

6000 

4000 

4(J00 

4000 

4000 

3500 

3500 

3000 

3000 

2500 

2500 

2000 

XX Heavy 

* 

5000 

4000 

4000 

3000 

3000 

25(X) 

2500 

3000 

3000 

2500 

2500 

2500 

2000 

2000 

Int. 

Area 

in 

Sq. In. 

0.05 

0.15 

0.28 

0.63 

0.95 

1.77 

2.46 

4 16 

5.85 

7.80 

12.97 

18.84 

27.11 

37.12 

In- 

side 

Dia. 

0 25 
0.43 

0.60 

0.90 

1 10 
1.50 
1.77 

2 30 
2.73 
3.15 
4.06 

4 90 

5 88 
6.88 

X Heavy 

* 

3500 

3500 

2500 

2500 

2000 

2000 

1500 

1500 

1250 

1250 

1250 

1500 

1250 

1250 

1250 

1000 

1000 

1000 

750 

750 

600 

Int. 

Area 

in 

Sq. In. 

0.04 

0.07 

0.14 

0.23 

0.43 

0.72 

1.28 

1.77 

2.95 

4.24 

6.61 

8.89 

11.50 

18.19 

26.07 

34.47 
45.66 
58.43 
74 66 
108.40 
153.90 

In- 

side 

Dia. 

0.22 

0.30 

0.42 

0 . 55 
0.74 
0.96 
1.28 

1 .50 
1.94 
2.32 

2 90 
3.36 
3.83 
4.81 
5.76 

6 63 

7 63 

8.63 

9,75 

11.75 

14.00 

Standard 


2500 

2500 

1500 

1500 

1500 

1500 

1000 

1000 

750 

750 

750 

1000 

1000 

750 

750 

650 

650 

650 

500 

500 

450 

Int. 

Area 

in 

Sq. In. 

0.06 

0.10 

0.19 

0.30 

0.53 

0.86 
1.50 
2.04 
3.36 
4.79 
7.39 
9.89 
12 73 
20.01 
28.89 
38.74 
50.02 
62.79 
78.85 
113.10 

159.50 

In- 

side 

Dia. 

0.27 

0.36 

0.49 

0.62 

0.82 

1.05 
1.38 

1.61 

2.07 
2.47 

3.07 
3.55 

4.03 

5.05 

6.07 
7.02 
7.98 
8.94 

10.02 

12.00 

14.25 

External Dia. 

Approx. 

Frac- 

tion 

»H tH rH 

Deci- 

mal 

0.405 

0.540 

0.675 

0.840 

1.050 

1.315 

1.660 

1.900 

2.375 

2.875 

3.500 
4.000 

4.500 
5.563 

6.625 

7.625 

8.625 

9.625 

10.750 

12.750 
15.000 

Size 

xssjxs: s: 3: 

fHi-4i-iNCsiecco^«5<or.ooo>OMj^ 


* Pipe B^rvic^Ue for pressure indicated. If subjected to severe shocks, reduce service pressure to 75^t that shown. 
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Table XXXIII 

HYDRAULIC PIPE SELECTION 


1.009,000 

900.000 

800.000 

700.000- 
600,000 
500,000 

400.000- 


5000 

%-4000 


2000 


; r 6 

1000 
900 r 
800-^ 

700 <^3 
600 
500- 
400^ 

300-^ 

231- 
CU. »N. 

PER MIN 


r- 1000 
-^900 

;e-8oo 


100,000 - 

90.000 400 

80.000 - 

70.000- 

60.000 - i 

50.000 : 

40 . 000 - 4 : 

30.000 - 


20,000 

:&8 o 


•50 

10 , 000 -^ 
9000-^' 
8000^ 
7000-^30 
6000-^ 
5000- 
4000 

3000 


:^io 

:^8 



AREA INSIDE OIA. 
SQ IN INCHES 


area , » 3208 

(8g:»i VELOCITY -FT /SEC 


4~1 
800-- 
900-: 
1000 - - 


SUCTION 

LINES 


EXHAUST 

LINES 


PRESSURE 

LINES 




2000-^ 

3000- 

4000- 

5000- 

6000- 

7000- 

8000- 

9000- 


20.000- 

30 . 000 - ^ 

40.000 

50.000- ^70 

60 . 000 - ^®° 
70000^100 

IN PER FT PER 
MIN SEC 


VOLUME 
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Area 

3.14 
7.06 
12.58 
19 64 
28.27 

38 48 
50 26 
63.62 
78 54 
95 00 

113 

132 

154 

176 

201 

227 

254 

283 

314 

346 

380 

415 

452 

490 

531 

572 

615 

660 

707 

754 

Gab. 
per Ft. 
Stroke 

.163 

.364 

.650 

1 02 

1 47 

2.00 

2 73 

3 30 

4 10 

4 92 

5 85 

6 85 
8.00 
9.30 

10.40 

11 80 

13 20 

14 64 

16 32 

18 00 

19.68 

21 60 
23.52 
25.44 

27 60 

29 76 
31.92 
34.20 
36.72 

39 12 


lials. 
per 1" 
Stroke 

.013 

.030 

.054 

.087 

.122 

.167 

227 

277 

.341 

410 

.487 

571 

.667 

.775 

.867 

.983 

1.10 

1.22 

1.36 

1.50 

1.64 

1.80 

1.95 

2 12 
2.30 

2 48 

2 66 
2.85 

3 06 
3.26 

Working Pressure, P.S.I. 

7000 

Capacity in Tons 

11 

24 5 
44 

69 

99 

134 

184 

223 

275 

332 

395 

460 

540 

615 

700 

795 

890 

990 

1100 

1210 

1330 

1458 

1590 

1720 

1860 

2000 

2150 

2310 

2480 

2630 

6500 

■xfOOCOOO OQOOOQ OOOOOO OOpOOO OQQQO 

CSlt'-0‘0 0 cOC.lOI'-ift ^MSI—QCO «00»350"«Ji 

i—ii— tcvac^eo CO rf ^ to to r^oooiO'—i CMro*itior>- Qog»— 

0009 

9 4 
21 

37 6 
59 

85 

114 

150 

190 

236 

284 

338 

396 

460 

528 

600 

680 

760 

850 

940 

1040 

1140 

1242 

1360 

1470 

1590 

1720 

1840 

1980 

2120 

2260 

5500 

8.6 

19.3 

34.5 

54 

78 

105 

138 

174 

217 

260 

310 

362 

420 

484 

550 

625 

698 

775 

860 

950 

1042 

1140 

1242 

1340 

1460 

1570 

1690 

1820 

1940 

2070 

1 

Q01^.^03-h to to <=> to to QOOOO OOOOQ OOOOO OOOQQ 

ojc-itooico QPeooO'^o ofOT-<6&® irseoW'-itM e<5P?ioS36 

(Mcoeo'^io loou-i-oo 050»-<<Meo ^rtoeot^Ki 

g 

CN 05 

r^'iOOOTfiO C-ir^iOtOO OOCD>00 OOiOOiO 

,-hiMtJiO »(5 0a-^0>«0 — it^CCOQO ‘QOQCSJOOi ChoBooSsOJ 

t-t r-) Oi 04 Ot CO CO Tf to to O t>- OO a» f-i ft <Me*3rf<iOCO 

4000 

6.4 
13 6 
24 8 
39 

56 

76 

100 

128 

156 

188 

224 

264 

304 

352 

400 

448 

504 

568 

624 

688 

760 

824 

904 

968 

1056 

1144 

1224 

1320 

1408 

1504 

3500 

5.5 

12 

22 

34 

49 

67 

92 

112 

137 

166 

197 

230 

270 

307 

350 

397 

445 

495 

550 

605 

665 

729 

795 

860 

930 

1000 

1075 

1155 

1240 

1315 

to 

5.1 
11 4 

20.5 

31.5 
45 

62 

85 

104 

128 

154 

183 

214 

250 

285 

325 

370 

414 

460 

510 

560 

620 

675 

739 

800 

865 

930 

1000 

1075 

1150 

1220 

3000 

t'. lO OO i« lO 

^oodoieq c^U5iOaoc<l OiOOOrfQ OQ»000 o^Q*rtiO QQOOO 

to o> to o S tit aS e<> c<, SS to a> «S?5*Sec 

eOeO'^'«*<«5 to to to tt. t>~ OOOiOSO*^ 

2750 

CO <o 

cqoit^ooo iOeOOiM‘0 eOOsOCQJOi T^O— lOO ^2‘'?Oe^W0 

*-(Neo »fi<OQOoco «5ci0i-(*<t<t- T-('^oocoi>- (Mc^tMi^eo oo:^i-HiN.eg 

in t-H r-t ^ C<t d 04 CO to to to to to to !>■ ts.0£lO5O>© 

2500 

to lO UO lO to tA 

g:2:gg§ {StSSSS sssss 

ft ^ t—i Ot CMCOCOPO-^ tft to to ^ to !>-^-00000» 

2250 

3.6 

7.8 

14 

22 

32 

43 

56 

71 

88 

106 

126 

148 

172 

199 

225 

255 

285 

318 

352 

390 

429 

465 

510 

541 

594 

645 

690 

741 

795 

851 

2000 

^ <M(M<Mcoeo eOTf-.f'<J'tO io«3coPit^ 

1800 

2.82 

6.3 

11.28 

17.6 

25.5 

34.38 

45 

57 

71 

84 

102 

119 

138 

153 

180 

204 

228 

255 

282 

312 

342 

372 

408 

441 

477 

516 

552 

594 

636 

678 

1500 

■^M'^aooo tototo 

c^-tooi^is 00^ 

(NPOCOPOeO 


1200 

og o g <o M 

-^■'32 isssss SRSog §sgs| aasgs liiSs 


1000 

SSSSS SSSSSS SSSSH S|SSS isgas 


750 


1.2 

2.5 

4.7 

7.4 

10.9 

14.3 
18.7 
23 7 
29 5 
35.5 

42 

49 5 
57 5 
66 

75 

85 

95 
106 
117 5 
130 

143 

155 

170 

183 

198 

215 

230 

247 

265 

287 


600 

.94 
2.10 
3.76 
5 88 
8 50 

11.46 

15 

19.10 
23 6 
28.4 

34 

39.8 

46 

50 8 
60 

68 

76 

85 

94 

104 

114 

124 

136 

147 

159 

172 

184 

198 

212 

226 

500 

gsssss gSKRS ssssa aSigs 


300 

J5So8S^f2StSooe<i at -^tt *o to 

SSSSgS 



t-<»o>o;5 ss22:ss 152SS5I sssssss 



Table XXXIV — Continiced 




524 


APPENDIX I 


Table XXXV 

TABLE OF DECIMAL EQUIVALENTS OF EIGHTHS, SIXTEENTHS, 
THIRTY-SECONDS AND SIXTY-FOURTHS OF AN INCH 


Sths 

H “ .125 
H = .250 
H - .376 
•“ .600 
% = .625 
H = .750 
% - .875 
16 ths 

Me “ .0625 
Me = .1875 
Me “ .3125 
Me = 4375 
Me = .5625 
iMe = .6875 
IMe = .8125 
IMe = 9375 


32ds 

Ma = .03125 
Ma = .09375 
Ma = .15625 
M 2 = .21875 
M 2 - .28125 
IMa = .34375 
^Ma - .40625 
‘Ma = .46875 
IMa = .53125 
IMa = .59375 
2 M 2 = .65625 
^Ma = .71875 
^Ma = .78125 
^Ma = .84375 
2Ma = .90625 
^Ma = .96875 


64ths 

M 4 “ .015625 
M 4 = .046875 
M 4 = .078125 
M 4 = . 109375 
M 4 = .140625 
^M 4 = .171875 
1 M 4 = .203125 
*M 4 = .234375 
IM 4 = ,26.5625 
l %4 = .296875 
2^4 = .328125 
2%4 = .359375 
^^64 = .390625 
2 M 4 = .421875 
2 M 4 = .4.53125 
3>64 = .484375 


64ths — Cont. 
3%4 = .515625 
= .546875 
^^4 = .578125 
= .609375 
4^4 = .640625 
4^/4 = .671875 
4^4 = .703125 
= .734375 
4%4 = .765625 
53.^4 = .796875 
5%4 = .828125 
- .859375 
5%4 = .890625 
6%4 = .921875 
61^4 = .953125 
6%4 = .984375 



Measure 


Weight 


To Change 

To 

Multiply by 


Wt. Lbs. 

Cubic feet . . . . 

. Cubic inches . . . 

1728 

1 cu. ft. of water . . . , 

. .62.4 (<^32F) 

Cubic inches . . . 

. Cubic feet 

0.00058 

1 cu. inch of water. . 

..0.0361 (©32F) 

Cubic feet 

. Gallons 

7.480 

1 gallon of water . . . . 

, .8.33 ((^32F) 

Gallons 

. Cubic feet 

0.1337 

1 cu. ft. of air 

.0.0763 (©60F- 

Cubic inches . . . 

. Gallons 

0.00433 


29.92" Hg) 

Gallons 

.Cubic inches. . . 

231. 

1 cu. inch of steel 

.0.284 

Imperial gals, . . 

. U.S. gallons. . . . 

1 . 2009 

1 cu. ft. of brick 


U.S. gallons. . . . 

. Imperial gals. . . 

0.8326 

(bldg.) 

.112-120 

Feet 

. Inches 

12 

1 cu. ft. of brick 


Inches 

. Feet 

0.0833 

(fire) 

. 145-150 

Square feet .... 

• Square inches. . 

144 

1 cu. ft. of coal 

. 80-100 

Square inches . . 

. Square feet . . . . 

0.00695 

1 cu. ft. of coke 

. 24-30 

Long tons 

. Pounds 

2240 

1 cu. ft. of concrete. . 

.120-140 

Short tons 

. Pounds 

2000 

1 cu. ft. of earth 

. 70-120 

Long tons 

.Short tons 

1.12 

1 cu. ft. of gravel. . . . 

. 90-120 




1 cu. ft. of wood 

. 30-60 



Pressure 


To Change 


To 

Multiply by 

Inches of water . 


Pounds per square inch 

0.0361 

Pounds per square inch 

Inches of water 

.... 27.71 

Feet of water . . 


Pounds per square inch 

.... 0.4334 

Pounds per square inch 

Feet of water 

.... 2.310 

Inches of mercury 

Pounds per square inch 

0.4914 

Pounds per square inch 

Inches of mercury 

.... 2.04 

Atmospheres. . . 


Pounds per square inch 

.... 14.696 

Pounds per square inch 

Atmospheres 

.... 0.06804 


Density Power 

To Change To Multiply by To Change To Multiply by 

Pounds per Kilogram per Horsepower . Kilowatts .... 0 . 746 

cubic foot cubic meter. .16.0184 Kilowatts . . .Horsepower. . .1 .3404 

Kilogram per Pounds per B.T.U Foot-pounds. .778.3 

(jubic meter cubic foot 0.06243 Foot*pounds. B.T.U 0.001285 

B.T.U H.P. hours . . .0.0003927 

H.P. hours . B.T.U 2544.1 

B.T.U Kw. hours 0.0002928 

Kw. hours. . B.T.U 3412.75 
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PROBLEMS 

1 . What pressure would be required to blank a plain round disc 1 ft. in diameter 

from thick annealed aluminum (no shear on tools)? Ref.: Chart I, Table IT 

formula 2. 

2 . How much energy is consumed in this operation, assuming ample clearance? 

a. By Chait III and Table H? 

b. By ffTinala 3, assuming average pressure to be a half of the maximum 

pressure? 

3. Would you sJlsct for this operation a non-geared press with 350-lb. flywheel, 
30-in. diameter, running 150 r.p.m., or a similar size press geared 5: 1 and having a 
250-lb. flywheel, 26-in. diameter, running 300 r.p.m. on the back shaft? Why? 
Ref.: Chart XL 

4. What shaft size in an inclinable press would you select for this job, allowing a 
safety margin of 100 per cent? Ref. : Chart X. 

6. Referring to Fig. 44 R, if the perimeter of each punch is 4 in., the metal is 
hard rolled 0.40 C steel 3^ in. thick (Table II) and one punch is ground 
shorter than the other, what will the maximum shearing pressure be, and why? 
Assume ample clearance for a clean fracture. Ref. : Table II, cols. 3 and 4; Figs. 24 
and 27 A ; Chart I; formula 2. 

6. In a power shear cutting the length of a 10-ft. sheet of quarter-inch steel plate 
specified as 0.20 C annealed steel with the upper shear blade having a slope of in. 
per ft., what is the shearing load: 

o. By Chart II? Ref. : Figs. 28 and 56 C. 

b. By formula 1? (Assume that average pressure is a third of maximum 
pressure.) 

7. In Fig. 79A compute the length of blank required to produce the part shown, 
if its dimensions are: A and C — 1 in., R = in., both bends are through an angle 
of 45°, the inside radius of the bend is r = in., and the metal thickness t - H in. 
Ref. : formula 4. 

8. Compute the minimum pressure to bend and set a strip of steel l }/2 in. wide 
in the V-die shown in Fig, 80 D if the plan projected width of the coining bead on 
the punch is 0.200 in. and the yield point of metal of the temper required is 110,000 
lb. per sq. in. Ref.: Chart IX; Fig. 191. 

9 . What will be the probable final wall thickness, around its greatest diameter, 
of a shell drawn to a diameter of 5.5 in. with a wall thickness of 0.050 in. and bulged 
to a diameter of 7 in.? Ref.: Fig. 94 A and R; formula 5. 

10. Compute the minimum total pressure in tons on a plunger 3 in. in diameter 
(Fig. 97 R) to bulge the shell shown to a final state in which the diameter is 12 in.; 
the metal thickness is 0.080 in. and its yield point is 70,000 lb. per sq. in. Ref.: 
formula 8. 
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11 . If a piece of copper tube of 3-in. outside diameter with M-in. wall is to be 
bulged by endwise pressure in a suitable die, and the yield point of the metal, as 
received, is 40,000 lb. per sq. in., what will be the least pressure required to do the 
job? Ref.: Fig. 103; formula 9. 

12 . In necking-in the top of a drawn shell from a mean diameter of 2 in. and a 
wall thickness 0.078 in. to mean diameter 0.800 in., about what will the wall thickness 
become? Ref.: Figs. 106 and 107; formula 10. 

13 . In the case just discussed, what would be the maximum pressure required 
for the first reduction, assuming an angle (a) of 45° and an elastic limit for the steel 
of 55,000 lb. per sq. in.? Ref.: formula 13. 

14 . Referring to Fig. 109 A and G, it is desired to pierce and burr up as high a 
flange as possible without fracturing the edge. The metal is 0.050 in. thick, and the 
outside diameter of the flange is to be IM in. What will be the diameter of the 
pierced hole and the height of the flange? Ref.: formulae 14 and 16. 

16. In Figs. 125 and 126, if the ‘^second draw’' involved a 31 per cent reduction 
in diameter from the annealed state, compute the maximum wall stress at the end 
of the operation. Ref.: formula 18. 

16 . How much will any unit of area marked on the cylindrical surface of the above 
shell have been increased in length during that operation? Ref. : Figs. 18 and 125. 

17 . In Fig. 145, if the final shell is 25^ in. in diameter and 4 in. high, what are 
the approximate diameters of the blank and the several shells? Ref.: formula 25; 
Table XXV; Chart V. 

18 . Referring to Figs. 145 and 125, and assuming that the material is annealed 
0.10 C steel in which internal fractures should appear after 55 per cent reduction, 
would you recommend annealing, and if so at what point or points in the series of 
operations? 

19 . Assuming aSi and Sx as shown in Fig. 125, what would be the theoretical wall 
stress after the whole series of operations (Fig. 145), if there were no annealing? 
Ref.: formula 18. 

20 . Assuming 16-gauge metal with a theoretical yield point as received of 50,000 . 
lb. per sq. in., what will be the drawing pressure for the first operation in Fig. 145? 
Take C = 0.3. Ref.: formula 22; problem 17. 

21 . What would be the load to pull the bottom out of this same shell? Take the 
nominal tensile strength from Fig. 19. Ref.: formula 21. 

22 . Neglecting friction, how much work would be done in the first draw in Fig. 
145? Assume C — 0.75. Ref,: problems 17 and 20; formula 24; Table XXV. 

23 . If there has been no ironing at any point in the series of operations, what is 
the probable difference in thickness between the metal in the center of the bottom 
and at the top edge of the last shell in Fig. 145? Ref. : problems 17 and 20; formula 
28; Chart VII. 

24 . If the bottom corner of the shell just mentioned has become 5 per cent thinner 
than the original metal thickness, what would be the maximum ironing load to give 
uniform wall thickness all the way up, allowing 20 per cent for friction? Assume a 
yield point in the final state of 75,000 lb. per sq. in. Ref.: formula 30; Chart VIII. 

25 . As the metal near the bottom of the above shell is in practically the annealed 
state (yield point 50,000 lb, per sq. in.), check the strength of the shell through that 
section and advise if the above is practical as a single operation without annealing? 
Ref: : formula 21 ; Chart VI. 

26 . In Fig. 156 the dimensions of the first-operation shell are: length 7 in., width 
4 in., depth 3 in., corner radius 1 in., and material 18 gauge (0.050 in.), 0.10 C steel 
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with an initial theoretical yield point of 50,000 lb. per sq. in. Assume Ci = 1 and 
C 2 — 0.3, and compute the drawing pressure required. Ref. : formula 32. 

27 . If the periphery of the blank for the above shell is 38 in., what is the blanking 
load, without shear on the tools? Ref.: Table II, formula 2, Chart I. 

28 . Assuming an 8»in. press stroke, at approximately what speed should the press 
run? Ref.: problem 26; Table XVI; Fig. 177; Chart XII or Chart XIII. 

29 . Making a 50 per cent allowance to take care of emergencies, select a suitable 
crankshaft size for the press for problems 27 and 28 (nearest half inch). C = 2.2. 
Ref.: Table XXIV; Chart X. 

30 . If the blank-holding pressure is equal to a third of the drawing pressure and 
the job is to be done in a combination die so that this pressure offers approximately 
constant resistance throughout the drawing stroke, compute the energy required to 
produce the shell described in problem 26. Neglect blanking and friction. C == 
0.80. Ref. : formula 24. 

31 . The press which we have been selen^ting in the last four problems is built in 
•three ways: non-geared, wdth a 50-in. diameter, 1300-lb. flywheel; single-geared, 
ratio 7?'^ : 1 with a 42-in. diameter, 900-lb. flywheel; and double-geared, ratio 
15 : 1 with a 40-in. dl^ieter, SOO-lb. flywheel. Compute the energy available in 
each case under int:'*’mittent operating conditions (20 per cent slow-down), and select 
the proper drive. Ref.: formula 42 (X 2); Chart XI; problems 28 and 30. 

32 . In drawing or stretching a casket lid 6 ft. by 2 ft. from 0.034-in. copper-bearing 
steel there is a flange which is used for blank-holding and is later trimmed and then 
turned up and in. The flange and the lid surfaces meet at an angle of, say, 36°, 
about as shown in Fig. 142. What is the drawing load, assuming the elastic limit of 
the metal at 45,000 lb. per sq. in.? Ref.: formula 33. 

33 . A small lever in Fig. 190 has a 1-in. diameter boss at one end and one of 
l}^-in. diameter at the other end. These are to be squeezed to size from approxi- 
mately in. thick to 0.625 in. it 0.001. This tolerance requires the use of size 
blocks or distance pieces which may be assumed to take half of the load. If the yield 
point of the metal as forged is about 130,000 lb. per sq. in., what total pressure will 
be required? Ref.: Table IX; formula 41. 

34 . If the area of part j in Fig. 209 is 0.85 sq. in. exclusive of the bosses after 
swaging to 60 per cent of the original metal thickness, and the material is a 0.20 C steel 
with a yield point as received (*8i) of 90,000 lb. per sq. in. and a rate of strain-harden- 
ing (Sx) of 160,000, what pressure will be required? Ref.: Fig.- 122; formulae 18 
and 41. 

36 . Select a suitable press (shaft) size for the above job, allowing 100 per cent 
overload margin and using the eccentric type shaft (C = 4.3). Ref.: Chart X. 

36 . What final tonnage will be required to produce a free-flowing beta brass 
•forging with a plan projected area including flash of 9 sq. in. at a temperature of 
1500° F. and at about 1170°? Ref.: Fig. 133; formula 41; Chart IX. 
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ANSWERS 

1. 9.4 tons. 2a. 0.41 in.-ton. 2b. 0.29 in.-ton. 3. The non-geared press, 
because it has ample energy available and operates faster. 4. Approximately 234-in. 
shaft. 6. 19.6 tons. One punch has finished shearing before the other one reaches 
the metal. 6a. 26.4 tons. 6b. 22 tons. 7. 4.443 in. 8. 16.5 tons. 9. 0.044 in. 
10. 3.3 tons. 11. 86,500 lb. 12. 0.123 in. 13. 19,100 lb. 14. 1.07 in. 16. 68,600 
lb. per sq. in. 16. 42 per cent. 17. 6.99 in., 4.19 in., 3.44 in., 2.94 in., 2.63 in. 18. 
One anneal after first or second draw. 19. 87,400 lb. per sq. in. 20. 39,700 lb. 21. 
45,400 lb. 22. 26.8 in.-tons. 23. 0.0394 in. 24. 29,680 lb. 26. 24,800 lb. No. 
26. 26,200 lb. 27. 66,500 lb. 28. 24 SPM. 29. 5 in. 30. 89,080 in.-lb. or 44.5 in.- 
tons. 31. 0.77 in.-ton, 21 in.-tons, 68 in.-tons. The double-geared drive is required. 
32. 173,0001b. 33. 332 tons. 34. 50.15 tons. 36. 5 in. 36. 45 tons and 112.5 tons. 
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Abrasives, 408 
Abrasive wheels, 421 
Action, single, double, triple, 182-190, 
283-311; see Drawing 
Adhesive, 403, 406 
Adhesive agents, 405 
Adhesives or binders, 395 
Adjustable dies, 79, 92, 381 
Aggregates, 11 

Air cushions, 235, 287, 290-292, 308 
Air ejection, 249, 3lS, 351, 373 
Air vents, 105, 181 
Airplane, 382 
Alloys, 388 

Aluminum, 11, 36, 38, 90, 130, 143, 144, 
380, 504 

Amorphous state, 209, 253, 260, 389, 
395, 397, 402, 404; see also Hot- 
working 

Analyses, aluminum, 248, 504 
brass, cold- working, 15, 89, 248 
hot-working, 15, 270, 271 
bronzes, 24, 89, 233 
copper, 248 
nickel silver, 89 
steel, 15, 131, 504 

Annealing, commercial practice, 208, 504 
effect of, 11, 36, 40, 215, 389, 394 
grain size control, 138, 175, 200, 203, 
255 

spontaneous, 143, 256, 260, 264 
theory of, 14, 134, 138, 197-204 
Areas of circles, 494 
Atom, 11, 122, 13ff-138, 198 
Atomic number, 11, 140 
Atomic structure, 393 
Attachments, blank-holding, 286-292 
Automatic operation, 319-323; see also 
Feeds; High-production presses 
Automobile parts, accessory, 244, 245, 
247 


Automobile parts, body, 43, 72, 187, 188, 
234, 272, 291, 305, 307, 311 
chassis, 3, 197, 222, 235, 318 
engine, 3, 68, 107, 178, 224, 232 

Bar-folder, 91 

Beading, 106-108 

Beaver-tail stop mechanism, 249, 250, 
278 

Belt pull, 303, 305 

Belt speed, 302 

Bending, allowances, etc., 83-85 
bending in air, 94, 338, 339 
change of thickness, 82 
edgewise, 93 

grain and direction of bend, 86-90, 
347 

hydraulic, 104, 106 
metal movement, 81 
operations and dies, 91-100, 337-339, 
347-350 

over drawing radius, 153, 168 
radius and temper, 86, 88 
spring-back, 85, 384 

Binders, 403 

Blank development, bending, 83 
drawing, 163, 177, 465, 488 
ironing, 163 
swaging, 220 

Blank-holding, see Attachments; Draw- 
ing; Pressure 

Blanking operations, see also Shearing 
blank and push back, 329-334 
center distance, 53, 352 
formed punches, 185, 33^342 
multiple, 53, 54, 314, 325, 326 
progressive, 52, 327-358 
single, 51 

Blanks, mill-cut to size, 345 

Blow (hammer), 144, 146, 209 

Blow on cutting edges, 327, 328 
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Bonding, 395 

Bottom stop presses, 278, 452 
Bowed or buckled blanks, 40, 47, 64 
Box covers, 436 
Brake, bending, 91, 378 
releasing, 316, 324 

Brass, alpha phase, 15, 36, 40, 88, 89, 
135, 139, 146, 199, 256, 504 
beta phase, 15, 146, 268-275 
constitution diagram, 15 
gamma phase, 15, 269, 271 
Breathing period, 429 
Brehm trimming die, 69 
Briquettes, 428 
Briquetting, 420, 424 
Brittleness, 391 
Broaching, 73-77 

Brown and Sharpe gauge scale, 87, 88, 
89, 90, 510 

Bulging, 101-105, 355, 471 
Burnishing, 74, 76, 196, 204-206 
Burring (hole-flanging), 114-116, 471 
Burrs, formation of, 31, 45, 77 
Bushings, broaching, 73 
forming, 3, 99 

Cam actions in presses, 277, 298 
Can-making equipment, 98, 108, 118- 
120, 186, 313, 314, 345, 361 
Capacity ratings, 476-480, 514 
Carbides, 405, 408 
Carbon, 405 
Carborundum, 405 
Cardboard boxes, 435 
Cartons, 435 

Cartridge cases, 148, 172-175, 190, 236, 
237, 254-256, 285, 297-299, 357, 
363, 364 
Casting, 416 

Castings, sizing and surfacing, 224-228 
Cast iron, 403 

Cast metal, working of, 222, 226, 257, 
286 

Cellophane, 411 

Celluloid curing press, 277 

Cellulose acetate, 391, 411, 417 

Cemented carbide, 422 

Cementite, 15 

Cements, 405 

Center distance, 53, 362 


Central pumping systems, 430 
Ceramics, 420 
Chamfer swaging, 232 
Charring, 419 
Chilling, 264 

Circuits* for safety devices, 373-375 
Circumferences of circles, 494 
Clamping pressure, dies, 105 
Clay, 420, 421 

Cleaning metal, 196, 204, 274 
Clearance between cutting edges, 30, 34, 
44, 56, 60 
Clicker dies, 444 

Closed dies, 220, 228, 240, 242-244, 296 
Clutches, 323 
Coil, 433 

Coil stock, use of, 333, 342, 343, 345, 348, 
351, 356, 359, 360, 370 
Coining, 220, 240-244, 474 
Cold forging, 220, 229, 246 
Cold molded, 387 

Cold-rolled metal, 5, 89-91, 134, 201, 
207, 227 
Cold set, 388 
Cold setting, 419 

Cold working, 13, 19, 121, 134, 142-148, 
198, 214 

Combination dies, 78, 183-190, 287, 294, 
313, 350 

Composite laminating, 442 
Compound dies, 59, 61, 312 
Compounds, 403 

Compression and injection molding, 398 
Compression molded, 427 
Compression molding, 390, 420, 429 
Compression molding press, 429, 430 
Compression, movement in, 19, 125, 144, 
212-218 

Compressive strengths, 403 
Concrete, 407 
Conductivity, 442 

Contact surfaces (size), 67, 222-225, 282, 
341, 476 

Copper, cold forging of, 229, 230, 233, 
244, 251 

hot forging of, 146, 267-269, 504 
powders, 396, 423 

properties of, 11, 36, 128, 143, 146, 216, 
504 

Corrugations, 189 
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Cost per operation, 4 
Cotton glove, 445 
Countersinking, 232 

Cracks, see Fractures; Season cracking 
Crank motion, 276 
Crankshafts, 477-480 
Creep, 398, 399 

Critical temperature, 135, 143, 203 
Crowding in punching, 30, 55, 58, 65 
Crystalline range, 415 
Crystallization, 12, 263, 392, 397-399, 
402, 404 

Crystoplastic, 387, 392, 394, 415 
Cubes and cube roote, 516 
Cupping test, 208-210 
Curling, 116-120, 439 
Cut-off, timed, 353 
Cuts, matching, 334, 3?6 

Decimal equivalents, 524 
Deep drawing steel, 91, 203 
Deflections, 393 
Density, 212-214, 524 
Die casting, 392, 417 
Dielectric heating, 443 
Dies, see Combination, Compound, 
Double, Drawing, Follow, Mul ti- 
lde and other types 
adjustable, 381 
briquetting, 420, 424 
clearance, 30, 34, 44, 179, 257 
clearance angle, 46, 53 
closed, 220, 228, 240, 242-244, 476 
cold forging, 409 
compression molding, 430 
design data, 40, 266 
dinking, 444 

for compression molding, 430 
ground plate, 377, 379 
heated, 437, 438 
heating-cooling, 432 
holders, 41-43, 188 
hollow cutter, 446 
knockout, 420 

life (durability), 42, 44, 46, 48, 55, 
61, 225, 242, 243, 258, 265, 323, 
366 

materials, 405 
nest, 316, 368 
parts, 47, 48, 151 


Dies, radius, 82, 117, 162, 168, 178, 179, 
205, 206 

rubber, 377, 382, 383 
setting up, 41, 92, 100, 207, 220, 228, 
240, 245 
sizing, 424, 425 

spacing blocks, 67, 222-225, 282, 341, 
357, 476 
steel rule, 436 
temporary, 379 
Die-sets, Danly, 43 
Die-slide, 95, 118, 169, 170 
Die steel, composite, 50 
rings (drawing), 189, 195 
sectional, 43, 50, 56, 72 
Directional properties, cold-worked, 28, 
86-91, 207, 255, 347, 402 
Distcnce pieces, 67, 222-225, 282, 341, 
357, 476 

Distortion, 9, 26, 30, 44, 47, 64, 65, 81, 
171, 332, 338 

Diversified production, 376 
Double-action, 287-306 
dies, 93, 103, 105, 151, 166, 182-190, 
287, 294 

presses, see Power presses 
toggle presses, 427 
Double die, 53, 61, 187, 229 
Double-seaming, 119, 120 
Draw beads, 177, 186-188 
Drawing, annealing for, 197-204, 466 
bending, effect of, 153, 168 
blank-holding, 159, 161, 286-292, 470 
classification of dies, 180-192 
combination dies, 78, 183-190, 287, 
294, 313, 350 

dimensions, blanks, shells, 161,465,488 
double-action, 166, 182-190, 294, 437 
ears, 207 

graphical computations, 457-487, 521 
maximum draw per oi)eration, 155, 
158, 178, 436, 451 

pressure on punch, 155, 179, 180, 469 
progressive, 191, 352-365 
radius of draw edge, 168-169, 205 
radius of punch and comers, 162, 169, 
178, 179, 206 

rectangular shells, 176-180 
reducing or redrawing, 164-167, 352- 
363, 467, 468 
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Drawing, reverse redraw, 166 
shallow stretching, 161, 180, 186 
single-action, 161, 166, 182, 284 
speed, 193-196, 283, 284, 351, 380, 
482-484 

stresses, internal, 151 
surface markings, 204-206 
tapered shell, 189 
triple-action, 183, 186 
wall thickness changes, 167-171, 291 
work, 157, 469, 470 
wrinkles, 159-160, 205 
Drop-hammer, 144, 146, 259, 266, 377 
Ductility, 10, 139, 208-210 
Dull cutting edges, 31 
Duplex horn and force, 98 
Dwell, in timing, 277, 302 
Dynamic ductility tester, 210 

Ears on drawn shells, 207 
Eccentric shaft, 478, 480 
Economy, of material, 53, 54, 87, 314, 
342-346, 359 

work-in-process, 319-321, 329 
Edge, curled, 116 
fractured, 27, 113, 237, 239 
started, 117, 120 
trimmed, 69 
Edgewise bending, 93 
Ejector pins, 332 

Elastic limit, 10, 13, 135, 217, 391, 504 
Elasticity and plasticity, 392 
Electric protective devices, 368-375 
Electron, 11, 137, 198 
Electronic heating, 443 
Elements, 11, 140, 143, 403 
Elongation, general and ultimate, 23, 
133, 190, 209, 504 
Embossing, 244-246, 474, 475 
Energy available (flywheel), 476, 480, 
481, 486 

Energy-blow conversion, 146, 148 
Energy requirements (work), blank- 
holding, 292, 293 

blanking or shearing, 35, 462, 463 
drawing group, 157, 470 
ironing, 176, 472 
squeezing group, 476 
Erosion, 230, 258, 267 
Etched appearance, 244, 245 


Etching, 173, 266 

Expanding operations, 101-120, 341 
Expansion, elastic, 213, 224 
thermal, 198, 213, 261, 274 
Extruded shapes (bars), 272, 273 
Extrusion, clearance in, 257 
dies for, 248, 252, 258 
of rivet lugs, 230-232 
of tubes and caps, 247-258, 400 
pressure, 252-254, 474, 476 

False wiring, 116-119 ‘ 

Fatigue failure, 143, 338, 478 
Feeds, coin (tube), 242, 243 
dial, 76, 231, 233, 234, 237, 362-367 
friction dial, 360 
gravity, 315, 368 

hopper and grip, 249, 251, 279, 322, 
362, 366 

indexing, 58, 282 
magazine, 221, 342, 346 
push over, 349, 362 
roll, 4, 53, 61, 62, 180, 191, 312, 345, 
356 

speeds, 324 
strip, 184, 313, 343 
suction, 108, 313, 367 
transfer, 191, 358-362, 367 
Feldspars, 421 
Fenders, 376 
Ferrite, 15, 22 
Filaments, 402, 432 
Fillers, 405, 406 
Finger gauge, automatic, 52 
Flanging, 109 

Flash, 72, 73, 220, 272, 274 
Flash mold, 430 

Flat edge trimming press, 70, 281 

Flat laminated sheets, 443 

Flattening stampings, 228, 329, 330 

Floating mandrels and dies, 71, 72, 97, 98 

Flow lines, 28, 256, 266 

Flow of metals, 12, 212-219, 256-258, 261 

Flow relief, 219, 220 

Fluid (molten), 395 

Fluid range, 415 

Fluidity, see Flow of metals 

Flywheels, 476, 480-487 

Follow dies, 61, 191, 327-^58 

Forgeability, 146, 267, 268, 270 
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Forging, see also Hot-working 
brass, 146, 263-275 
cold, 220, 229-240, 474 
flash, 73, 220, 274 
hot, 259-275, 474 
machines, 259, 260 
pick-eye, 77, 266 
powders, 395 

presses, 259, 261, 265, 271, 273 
pressure, 474, 476 
range, 394 
relief, 219 
sizing, 221-226 
steel, 146, 262, 265 
temperature, 504 
tolerances, 222, 225, 272, 273 
trimming, 72. 73, 275 
Formed blankmg punches, 1^5, 33i)-342 
Forming, 390 

Formulas, No. 45, 47. Belts, 7, 482, 
483 

No. 4, 43. Bending, L, F, 84, 85, 474 
No. 5-9. Bulging, t, Aj h, P, 101, 102, 
104, 108 

No. 14-16. Burring, <i, t, h, 114, 115 
No. 39, 40. Cutting blow, B, 326 
No. 21-24. Drawing, P, T7, 155-158, 
469 

No. 25-27. Drawing, D, d, 161, 162, 
468 

No. 28, 29. Drawing, t, h, 168, 471 
No. 32, 33. Drawing, rectangular, P, 
T7, 179, 180 

No. 34, 35. Drawing, V, 194, 195, 

482, 484 

No. 44-46, 48. Flywheel, P, V, 480, 

483, 485 

No. 30, 31. Ironing, P, TT, 175, 176, 
473 

No. 49-51. Motors, E, H.P., 486, 487 
No. 10-13. Necking, t, X, P, 111, 112 
No. 1-3, 41, 42. Shearing, P, W, 34, 
35, 462 

No. 43, Squeezing (coining, emboss- 
ing and forging), P, 474 
No. 17-19. Strain-hardening, 132, 
133 

No. 20 Stress and blow, 146 
No. 36. Theoretical yield point, <8, 
211 


Formulas, No. 38. Thermal coefficient, 
L, 213 

No. 37. Volume modulus, 7, 212 
Four-point presses, 291, 311 
Fractures, 27, 29, 87, 113, 114, 129, 204- 
206, 218, 444 

internal, 128, 133, 149, 217 
Freezing points, 392, 393 
Fulton Sylphon process, 285 
Furnaces, 202, 203, 261, 271, 273 

Gagged punches, 58 
Gaseous range, 415 
Gassing, 429 
Gassing period, 430 
Gates, 420 

Gauge reduction, 347 
Gauges, for location, 49, 52, 63, 189 
of wire and sheets, 510 
Gear production, 234-239 
Generated heat, 402 
Germination, 203, 204 
Grain growth, 12, 138, 175, 198, 203, 204 
Grain of rolled metal, 28, 86-91, 334, 
338, 347 

Ground plate blanking, 377 
Guerin process, 383 
Guide ping, 42, 48, 57, 92 
Guides, 49 

Half blanks, 60 
Hammers, 259 

Handles, 100, 116, 227, 231, 232, 272 
Hardening, by alloying, 10, 14, 202 
by cold-working, 10, 39, 88, 89, 216, 
269, 392 

by grain size control, 139, 175 
by heat treatment, 10, 16, 214 
Hardness, Brinell, 10, 122, 216, 269 
Rockwell, 88, 89 
Shore Scleroscoi^e, 10, 217 
Heated die, 78, 261, 264 
Heat generated, 147, 251-254, 257, 

263 

Heat treating range, 415 
High frequency heating, 443 
High-production presses, 4, 276, 316, 
321, 322, 335, 342, 349, 353, 354 
Hinged die, 103, 104 
Hinge lugs, 70, 116 
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Historical notes, 150, 241, 296, 299, 301, 
319 

Hit-home operations, 85, 92, 100, 207, 
218, 475 

Hole flanging, 114-116 
Hollow cutters, 79, 80, 444, 446 
Hooker process, 250-252, 257 
Horizontal presses, 235, 286, 315 
Horn tools, 57, 58, 98 
* Hot- working, bending, 92, 266 
extrusion, 255, 256 
forging, 259-275, 400 
piercing, 77, 266, 341 
range, 391 

theory, 142-148, 260-264 
Humidity, 408, 410, 412 
Hydraulic, bending, 104, 106 
bulging, 103, 104, 105 
extrusion, 247, 253 
flow, 256-258 
forging, 265 
molding, 423 

presses, 91, 213, 237, 285, 304-306, 
423, 425, 429, 442 
sizing, 224 

Hydro-dynamic double-action press, 380 
Hydro-pneumatic overload relief, 229, 
234, 273, 274, 475 

Impregnated bushings, 424 
Impurities in metal, effect of, 36, 202 
Inclined presses, 310-317, 320, 342, 351 
Injection molding, 389, 390, 392, 417, 418 
Injection pressures, 417, 506, 507 
Intercrystalline movement, 143, 209, 262 
Intermolecular forces, 393 
Internal friction, 257, 263 
Internal heat, 400 
Internal strain, 148, 152, 178, 200 
Internal stresses, 394 
Ironing, 172-176, 190, 236, 285, 470, 473 
Iron powders, 396, 424 
Knife edge cutting, 79, 80 
Knife edge dies, 444, 446 
Emock-out mechanisms, 420, see Strip- 
pers 

Knock-out tabs (slitting), 66 
Knuckle-joint dies, 97 
Knuckle-joint presses, 224, 230, 237- 
243, 280, 477 


Laminated plastic, 444 
Laminates, 441 
Laminating press, 442 
Laminations, electrical, 59, 315, 316, 327, 
342, 343, 344, 346 
Lathe, spinning, 71, 106, 110, 119 
trimming, 71, 249 

Lead, 36, 143, 144, 230, 248, 270, 271, 
390, 396, 398, 504 
Leveler, use of, 206 
Liquid state of metals, 12 
Localized pressure, 219, 225, 240, 242, 
245, 246 

Locking device for cushions, 291, 292 

Lock-seam, 97, 98, 99 

Low-pressure laminating, 441 

Low-pressure method, 441 

Lubrication, 196, 197, 251 

Lucite (methyl-methacrylate), 390, 391 

Lug, bending, 337-339, 348 

Lug, extrusion, 230-232 

Lumarith (cellulose acetate), 391, 392 

Machines, see also Power presses 
beading, 107 

can body-making, 99, 108 
double-seaming, 119 
flanging, 107, 109 
forge rolling, 259 
forging, 259, 260 
lock-seaming, 99 
planchett upsetting, 242 
roll forming (progressive), 91 
swaging, 110 

Magnesium, 380, 390, 505 
Malleability, 10, 139 
Manganese, hardener, 90, 202 
Markings, alligator skin or phantom 
lines, 204-206 

orange peel or pebbled surface, 204-206 
Marquette cushions, see Pneumatic 
drawing attachments; Hydro- 
pneumatic overload relief 
Masonite punch, 383 
Matching cuts, 334, 336 
Mechanical advantage, crank, 484, 485 
Mechanical presses, 425 
Mechanical working, 401 
Mehle glove dies, 445 
Metal cutting processes, 1, 73, 221 



INDEX 


635 


Metal powders, 422 
Metal working processes, 1, 16, 17 
Metals, mechanical properties of, 9, 504 
structure of, 11 

Methyl-methacrylate (Lucite), 391 
Microscopic examination, 208; see also 
Photomi crograi)hs 
Mill-cut blanks, 345 
Mint work, 220, 240-242, 244 
Mirror finish, 228 
Mixtures, 403 
Mobility of atoms, 391 
Modulus, bulk (volume), 504 
of strain-hardening (Sx), 127, 133, 504 
Young’s (tensile), 393, 504 
Moisture content (papers), 410, 437 
Mold beating and cooling, 432 
Molding, 414, 420, 424 
Molding press, 423 
Molding range, 389, 414 
Molds, 416, 420, 430 
Molybdenum, 395 
Monofilaments, 402 

Motion of press slides, 194, 195, 250, 485 
Motor frame tube, 99 
Motor selection, 480-487 
Movement of metal in, atomic structure, 
13, 136-139 
bending, 81, 85 
compression, 18, 19, 212-219 
crystal structure, 143, 262, 263 
drawing, 121, 151, 167-171 
forging, 260-264 
press operations, 16, 121 
shearing, 26, 29, 64 
surface finishing, 225-228, 274 
tension, 19, 113, 114 
Multiple dies, 54, 61, 78, 191, 273 
Multiple-slide press, 192, 358-362, 367 

Necking-in operation, 110-113, 291 
Necking (tensile test), 22, 113, 127, 173, 
211 

Nitriding, 408 
Notching, 63, 65, 70 
Nylon, 401 

Operations, bending group, 81-100 
drawing group, 150-211 
grouping of, 9, 16 


Operations, miscellaneous forming group, 
101-120 

shearing group, 25-80 
squeezing group, 212-276 
See also specific operation 
Orientation, 401 
Oriented polymers, 401 
Output per man-hour, 2, 3, 320 
Overbending, 85, 339 
Overheating, 267, 268 
Overload relief, 229, 234, 273, 274, 475 
Overload warnings, 92, 100, 207, 220, 
228, 240, 477 
Oxidation, 395 

Oxide, 208, 227, 230, 267, 274 

Pack-rolled sheets, 343 
Paper, 409, 411, 433, 435, 437 
Paper blanks and cups, 79, 436 
Papier-m4ch6, 416, 432 
Parting, 63, 65 
Patterns, 417 
Pearlite, 15, 142 
Pelleting, 420 

Penetration to effect shearing, 27, 35, 
381, 504 

Percussion press, 259, 281 
Perforating, 47, 55, 282 
Permalloy, 421 

Permanent set, 180, 223, 228, 398 
Phenolic resins, 387 

Photomicrographs, 13, 14, 28, 137, 174, 
198, 256 

PhysiciJ properties, elongation, 89, 90, 
91, 504, 506, 507 ' 

hot properties, 146, 262, 504, 506, 507 
modulus, Young’s and bulk, 504, 506, 
507 

plastic range, 22-24, 127 
shearing resistance, 36, 504, 506, 507 
temper, 89, 90, 91 

temperature of recrystallization, 143, 
504, 506, 507 

tensile ultimate, 89, 90, 91 , 504, 506, 507 
thermal coefficient, 504, 506, 507 
See also the specific metal 
Physical tests redrawing properties, 153, 
208-211 

Picking up, 193-195, 205 
Pickling acid, 205, 274 
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Pick-off, automatic, 231, 362, 364 
Pie plates, 436 

Piercing blanking and shearing of lami- 
nated materials, 443 
Piercing holes, 55, 443 
Pilots for relocation, 50, 61, 62, 334 
Planchett (coin blank) equipment, 241, 
242 

Planes of weakness, 402 
Plaster, 405 
Plaster punches, 381 
Plastic cycle, 121, 122, 134-139 
Plastic flow, 389 
Plasticity, 121, 142, 270, 387 
Plasticizers, 407, 411, 412 
Plastics, 379, 387 

Plastic-working, 416; see also Strain- 
hardening 

energy absorbed, 146 
physical properties, 22, 24, 127, 504, 
506, 507 
range, 17, 127 
Plywood construction, 441 
Pneumatic drawing attachments, 287, 
290-292, 308 
Pneumatic hammers, 381 
Polymerization, 401, 430 
Polymers, 400, 401 
Porcelain, 421 
Porous, 424 
Porous metal, 427 
Porous powders, 396 
Powder metallurgy, 422 
Powdered metals, 396 
Powders, 395, 396 
Power, 480, 487, 524 
Power presses, automatic, see Feeds; 
High-production presses; Multi- 
ple-slide press 
capacity of, 476, 481, 514 
clutches, 323 

double-action types, cam press, 151, 
181, 292-300 

double-crank toggle press, 187, 302, 
427 

single-crank toggle press, 6, 170, 
197, 198, 300-302, 477 
three-crank, 185, 297-299 
horizontal, 235, 260, 286, 315 
inclined position, 310-317, 320 


Power presses, single action, bench, 

210 

bottom stop, 277-279, 302-312, 
450, 452 
cam, 277, 438 

double-crank, 67, 185, 191, 265, 366 
end wheel, 53, 274 
extrusion, 249, 251, 254 
forging (eccentric), 261, 265, 271, 
273, 477 

four-point, 291, 292 
horning and wiring, 98, 118 
inclinable (C-frame),52,202,315,323 
knuckle-joint (coining), 230, 238- 
243, 279-281, 477 
paper cap cam drawing press, 438 
reducing, 184, 283-286, 363 
riveting, 234, 235 
scoring, 435 

single-crank, 94, 184, 241, 273, 477 
slow-draw, 194, 283, 284, 351 
triple-action types, 309-311 
under drive, 241, 296, 317 
Preforming, 420, 429 
Preforms, 428 

Presses, hydro-dynamic, see Hydraulic 
presses 

Pressure, bending, 83, 85, 86, 474 
blanking, see Shearing 
capacity of presses, 476-481, 514 
coining, 240, 242, 244, 474, 476 
drawing, 1,53, 156, 179, 180, 469 
extrusion, 252, 254, 474, 476 
forging, 146, 262, 474 
holding, 160, 161, 288, 289, 292, 417 
hollow-cutting, 80 
ironing, 175, 473 
necking, 112 
shaving, 77 

shearing, 30, 34, 36, 459 
sizing, 225, 226, 227, 228, 474 
squeezing, 214-217, 474-476 
Pressure equalizer, 234, 235, 288, 289 
Pressure forming, 413 
Pressure welding, 395, 454 
Pressures, 415 
Prestite, 420 

Production, 1, 4, 221, 248, 319 
Projected (working) area, 475 
Protective atmosphere, 395 
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Porton, 11 

Push-back operations, 329-334 
Push-button wall plate, 219, 246 
Pyramiding of squeezing pressure, 218, 
219 

Quantum levels, 11 
Quick-return drive, 283, 351 

Rack and pinion press, 283-285 
Radius for die, bending, 82, 88 
curling, 117 

drawing, 162, 168-172, 178, 179, 205, 
206 

ironing, 148 
wire drawing, 149 
Rake on shear blades, 64 
Rate of working. 148 
Reading charts, 457 

Recrystallization, 14, 134-13S, 143, 198, 
389, 393, 394, 415 

Redrawing (reducing), double-action, 
164-167, 177, 182, 189, 283, 360 
single-action, 132, 164-167, 183, 184, 
352-363 

Reduction in area, 1 1 23, 36, 133, 209, 214 
Relative movement, tensile and com- 
I)ressive, 21 

Relief of die surfaces, 177, 219, 245 
Repunching, 63 
Resin bonded fibers, 440 
Restraint of metal flow, 217-220 
Restrike, to square up, 85, 355 
Reverse redrawing, 166, 178 
Rhodes drawing attachment, 289 
Rigidity, 393 

Rivet forming (extrusion), 230-232 
Riveting, 231, 233-235 
Rivets, 230 

Rolling, see Beading; Gold-rolled metal; 
Curling; Directional properties; 
Macliines; Spinning lathes 
Rolling Mill (Hot mill), 434 
Roll straighteners, 351, 355, 356 
Rotary annealing oven, 202, 203 
Routing, 384 

Rubber drawing attachments, 287, 288 
Rubber punches, 103, 104, 355, 377, 382, 
383 

Rubbers, 393, 401, 405, 609 


Rubber working presses, 277, 299 

Safety devices, 321, 369 
Safety factors, 457, 478; see also Over-' 
load warnings 

Saran (Vinylidene chloride), 389 
Scale, 265 ; see also Oxide 
Scrap allowance between blanks, 52, 331, 
344 

Scrap cutters, automatic, 353, 356 
wedge, 68, 69 

Scrap reduction and salvage, 342-346, 
359 

Screen molding, 432 
Screw caps, 436 
Screw press, 241, 259, 281 
Scroll shearing, 66, 345 
Sealing compound, 120 
Seam, double, 119, 120 
lock, 97-99 

Sciison cracking, 148, 158, 205 
Secondary shearing, 26 (F), 45 
Segmental die construction, 102, 118 
Set-up of dies, 41, 92, 100, 207, 220 
Shar]) impressions, 100, 219, 240, 242, 
245 

Sharpness of cutting edges, 31 
Shaving, 73-77, 235-239, 444 
Shearing, 63, 113, 250, 278, 444 
Shearing group, clearance in dies, 30, 34, 
44, 56, 60 

die design data, 40, 51, 436, 446 
edge fractures, 26, 113, 237, 239, 272 
energy (work), 35, 463 
graphical computations, 458-463 
internal stresses, 30 
line shearing (squaring), 63 
metal movement, 25 
operations, 51-80 
papers, plastics, 436, 446 
resistance to shearing, 35, 36, 504 
shear, angle of, 32, 44, 55, 58, 60, 461 
strain-hardening, 38 
work ig pressure, 30, 459 
Shear on cutting edges, 32, 35, 44, 55, 
58, 60 
Sheet, 433 

Sheet thickness gauges, 510 
Shrinkage of metal, 213, 274, 504 
Shrunk ring, 188, 189 
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Silicon carbide, 422 

Silicon steels electrical, 343, 504 

Single-action dies, 182 

Single-action presses, see Power presses 

Single crystal, 128 

Sintered carbides, 414 

Sintering, 395, 420, 422 

Six slide press, 382, 385 

Sizing, 427 

castings, 224, 226-228, 474 
dies, 424 

forgings, 219, 221-226, 474, 475 
stampings, 228, 474 
Skeleton layouts, 344 
Slide plate for dies, 95, 118, 169, 170 
Sliding and swinging punches, 249- 
251 

Slip planes, 13, 19, 20, 121, 136-139, 
198-200, 253, 262, 388, 390 
Slitting, 66, 334-338, 341, 355, 356 
Slivers in matching cuts, 334, 336 
Slow-down of flywheel, 480, 481, 486 
Slow-draw presses, 194, 283, 361 
Softening point, 398 
Solid solutions alloys, 14, 141, 393 
Solubility, 388 
Soluplastic, 387, 436 
Solusetting, 387, 405 
Solutions, 403 
Solvents, 416 

Space lattices, 13, 137-141 
Spacers (contact blocks), 67, 222-225, 
282, 341, 357, 476 
Space saving, 319, 321, 329 
Specific gravity, 393 
Speed, effect of, upon, burnishing, 193, 
196 

cutting punches, 325-328 
drawing, 193-196, 285, 482^484 
extrusion, 253 
flywheel energy, 480 
forging, 265 

press operations, 323, 324 
roU feeding, 324, 325, 368 
testing, 209, 261-263 
thermoplastic flow, 399 
working metal, 143-144, 209, 261- 
263 

See ofoo Velodty 
S|»iiining lathe, 71, 106, 110, 119 


Spontaneous annealing, 143, 260, 264 
Spring-back, 85, 93, 161, 223, 224, 339, 
392 

Spring drawing attachments, 185, 287 
Squares and square roots, 516 
Stainless steel, 381, 505 
Stalling a press, 480 
Stamping pressure, 474, 475 
Stampings, angle bracket, 329, 337, 348 
automotive, see Automobile parts 
barrel, 107, 182 
building trim, 7, 91 
business machines, 59, 61, 238, 239 
cans, boxes, containers, 98, 107, 108, 
119, 120, 186, 313, 314, 345, 361 
casket, 7, 72, 79, 93, 185 
coins, 240-244 
collapsible tubes, 247-251 
electrical parts, 59, 65, 66, 231, 246, 
272, 341 

fin, radiator and condenser, 352 
furniture, 7, 91 

handles, 100, 116, 227, 231, 232, 272 
jacket, 6, 56, 92 
kitchenware, 58, 71, 101, 119 
lamination, 59, 315, 316, 327, 342-346 
tableware, 245, 246 
ventilating louvres, 342 
Started edge, 117, 120 
Steam platens, 442 

Steel and iron, carbon content, effect of, 
15, 18, 22, 36, 280, 504 
germination, grain growth, 203, 204 
hot properties, 146, 262, 504 
physical properties, 22, 36, 127, 143, 
214, 504 

silicon (laminations), 343, 504 
spring-back, 85, 224 
tempers, C. R. S., 91 
tests, 18, 31, 36, 39, 45, 153, 215, 216, 
223 

Steel rule dies, 444 
Straightening, roll, 351, 356 
Strain-hardening, effect of, 28, 86, 111, 
121, 122, 156, 174, 198, 215, 402 
experiments in, 19, 37-40, 122-127, 
216, 217 

limits: upper, lower, origin, 128, 129 
modulus or rate of, 127-133 
rate of working in, 148 
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Strain-hardening, removal of, see An- 
nealing 

temper, cold rolled, 86-91 
temperature effect, 142-148 
theory of, 122-134 
use of, 24, 131-134, 211 
Strain markings, 204-206 
Strands, 432 

Stresses (actual: nominal), 22 
Stress relief, 392, 400, 419, 430 
Stress-strain diagrams, compression, 18, 
124, 125, 145, 215, 216, 223 
drawing, 153 
extrusion, 255 
sh e:\ring, 31, 32, 38-40, 45 
st’-ain-hardening, 127, 128, 133 
tension, 18, 125, 126, 135 
Stretching, 381 

Strip-feed presses, 3i3. 367. 368, 373 
Strippers and knockouts, air, 249, 292, 
313 

cam-actuated, 48, 55, 181, 243, 249, 
273, 282, 296, 316, 359, 364 
cross-bar, 48, 60 
fixed, 48, 52, 62, 364 
floating, 181, 183 
hydro-pneumatic, 274 
spring, 49, 57, 59, 371, 462 
Stroke of press, 195, 477-480. 482, 

484 

Sub-press, 42 
Superfinishing, 423, 425 
Surface finish, 225-228, 274 
Surface strains and markings, 204-206, 
227 

Swaging, 110, 220, 234-240, 246, 474 
Synthetic mixtures, 406 
Synthetic plastics, 401 
Synthetic resin, 397, 400, 427 

Tables, see list, page xi 

Tabs, slitting and bending, 337-339 

Temperature, 414 

Temperature, effect upon, dimensions, 
198, 213, 226, 274 
grain size, 135, 139, 198, 204 
plasticity, 142-148, 268, 270, 388 
strain-hardening, 142, 147, 263, 

264, 268 

strength, 135, 146, 262, 269 


Temper of cold-worked metals, 84, 86- 
91, 134, 135, 215, 334, 338, 347 
Temperature and time relations, 451 
Temporary dies, 41, 80, 379 
Tensile movement, 19, 125 
Tensile strength, 22, 24, 124, 214, 262, 
504, 506, 507 

Tensile test, 18, 22, 126, 209-211, 215 
Test specimens, 23, 152, 217 
Thermal coefficient of expansion, 198, 
213, 274, 504, 506, 507 
Thermoplastic, 381, 387, 391 
Thermoplastic materials, 419, 506 
Thermoplastic range, 390, 397, 415 
'rhermoplastic resin, 394, 449 
Thermosetting, 387, 389 
Thermosetting fabrics, 440 
Therinosetting materials, 419, 507 
Thermosetting papers, 439 
Thermosetting range, 415 
Thickness, change during, bending, 82, 
84 

bulging and burring, 101, 115, 471 
drawing, 167, 168-171, 471 
ironing, 172 
necking. 111, 471 
Thread rolling, 107, 321 
Tie-rods, 321, 368 
Time, 415 
Timed cut-off, 353 
Timing diagrams, 276-309 
Tin, 36, 143-145, 247-249, 390, 396, 505 
Tin plate data, 512 
Tobin bronze, 18, 24, 28, 36, 125, 143 
Toggle dwells, 302 
Tolerances, drop forging, 225 
press forging, 272, 273 
sizing, 222 

Tonnage of presses, 476, 480, 514 
Tool materials, 414 
Transcrystalline movement, 143, 263 
Transfer molding, 431 
Trapped gases, 428 
Trimming of plastics, 444 
Trimming operations, 67, 70, 238, 249, 
272, 275, 315 

Triple-action dies and presses, 183, 306- 
311 

Trouble detectors, 370 
Tube forming, 99, 100 
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Tubes, caps, 252 
die, for blanks, 54 
for extrusion, 248 
extrusion press, 249, 251 
samples, 247 
Tungsten, 396 

Tungsten carbide, 408, 422, 505 

Twin-drive, 478-480 

Twist due to working strains, 332, 338 

Ttvo-point presses, 376 

Two-step dies, 132, 166, 182, 190 

Ultimate strength, 10, 18, 135, 138, 504, 
506, 507 

Upsetting, 241, 242, 266, 267 

Valence, 11 
V-die bending, 84-87 
Velocity, at contact, 325, 328 
of automatic equipment, 321-328 
of slide and crankpin, 194-196, 285, 
482-483 

Venting, 420, 429 

Vinylidene chloride (Saran), 393, 394, 401 
Viscosity of metal, 212, 218, 253 
Volume changes in metal, 20, 212-214 


Warplane, 377 

Wear on tools, 31, 46, 48, 60, 195, 243, 
258, 272 

Wedge action dies, 57, 70, 72, 78, 92, 96, 
103, 355 

Weights and mejisures, 524 
Wiredrawing, 149, 193, 214 
Wiring, 116-119 
false, 116 
press, 95, 1 18, 277 
Wood punches, 381 
Work, see Energy 
Working pressures, 427 
Working temperatures, 391, 506, 507 
Work-in-process, 319-321, 329, 359 
Wrinkles, 159, 160, 205 

X-crepe, 440 

X-ray analysis, 207, 208, 402, 404 

Yield point, 1 29, 21*0, 21 1 ,427, 504, 506, 507 
change, with carbon content, 18 

with cold-working, 18, 123,215-217 

Zinc, 36, 87, 140 -144, 209, 254, 380, 390 
505 




